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Hydrogenolysis of 2-Furancarboxylic Acid and Its Derivatives 
ABSTRACT: The use of biomass has attracted much attention to replace fossil resources because biomass 
is known as only sustainable organic resource. “Platform chemicals”, which include sugar alcohol, 
hydroxycarboxylic acid, dicarboxylic acid, furanic compounds, and so on, is well known as intermediate 
for biomass conversion to useful chemicals. The furanic compounds which is furfural and 
5-hydroxymethyl furfural (HMF) produced by dehydration of sugars such as xylose and glucose, have 
been studied conversion to monomer or fuel additives by reduction. Furfural and HMF are easily oxidized 
to 2-furancarboxylic acid (FCA) and 2,5-dicarboxylic acid (FDCA), respectively. However, in contrast 
with the case of furfural and HMF, FCA and FDCA are rarely studied as platform chemicals. Thus, in this 
study, I focused on development of new catalytic hydrogenolysis methods to use FCA and FDCA as 
platform chemicals.  
[Hydrodeoxygenation of 2-furancarboxylic acid over Pt-MoOx/TiO2 catalyst
[1,2]
] The most useful product 
of reduction of FDCA is adipic acid (AA), a monomer of polyamide. In this study, I develop a new 
catalytic system for hydrodeoxygenation of FCA to valeric acid (VA) as a model reaction of the 
conversion of FDCA to adipic acid. Catalyst screening results showed that the combination of Pt and Mo 
was only effective for VA production. Additionally, tetrahydrofuran-2-carboxylic acid (THFCA), 
-valerolactone (DVL), 5-hydroxyvaleric acid (5-HVA), and 5-oxovaleric acid (5-OVA) were detected as 
byproducts. On the other hand, products of hydrogenation of carboxy groups, such as 1-pentanol, were 
hardly detected. Physically mixed catalyst of Pt and Mo was not effective. These results suggest that the 
presence of Pt and Mo on the same support is important for this catalyst, and the interface of Pt and Mo is 
the active site. While TiO2 support gave the highest VA yield, other supports can produce VA to some 
extent, indicating that support is not so important in this catalyst. The best reaction conditions were 
T=413 K, P(H2)=1.5 MPa, and water solvent for VA production from FCA. The amount of Pt and Mo 
amount affected the conversion and VA yield. At constant Pt amount, the dependence of activity on Mo 
amount showed similar trend regardless of the Pt amount;0.5-1 wt% Mo catalysts showed the best 
performance. This result suggests that Mo concentration on support surface is the important factor for VA 
production. With enough amount of catalyst, Pt-MoOx/TiO2 (0.5 wt% Mo) catalyst showed similar yield 
of VA (~60%). FDCA was converted to AA with 21% yield at 473 K over Pt-MoOx/TiO2 catalyst. On the 
other hand, 3-furancarboxylic acid showed low reactivity, indicating the effect of position of carboxy 
group on reactivity of substrate. In the reuse test activity and selectivity to VA were decreased with usage 
time even the used catalyst was calcined for regeneration. The destruction of active site was suggested 
because remarkable changes were not observed on Pt particle size. Pt dispersions were similar between 
CO adsorption and XRD for the both of Pt/TiO2 and Pt-MoOx/TiO2. These results suggest that Mo species 
exist on support and do not cover Pt particles. Mo K-edge XANES spectra of reduced Pt-MoOx/TiO2 
catalysts showed 4+ valence of Mo. EXAFS spectra of Mo K-edge showed Mo-Mo bond, and the bond 
length was similar to that of MoO2. These results suggest that the structure of Mo species on support is 
 
similar to MoO2. Additionally, Mo-Pt bond was observed in EXAFS spectra of the catalysts which gave 
higher VA yield. The EXAFS spectra of used Pt-MoOx/TiO2 catalysts showed decrease of Mo-Pt bond. 
Thus, the interface of Pt particle and Mo species on support can be the active site for this 
hydrodeoxygenation reaction. Based on the kinetics and reaction tests of related substrates, a mechanism 
is proposed that VA is produced by ring-poening over Pt and quick deoxygenation by Mo species. 
[Hydrogenolysis of 2-furancarboxylic acid over Pt/Al2O3 catalyst
[3]
] 5-HVA and DVL, produced as 
byproducts in previous section, can be used as monomer. Thus, in this study, I focused on development of 
hydrogenolysis system for production of 5-HVA and its derivatives from FCA. As the results of reduction 
of FCA over alumina supported various noble metal catalysts, Pt was only effective for the 
hydrogenolysis, and methyl 5-hydroxyvalerate (Me-5-HV), which is formed from 5-HVA by esterification 
with methanol solvent, was mainly produced. Al2O3 showed the highest Me-5-HV yield in various 
support, however, Me-5-HV was also formed to some extent in the case of other supports. These results 
suggest that the difference of support is not so effective for this reaction. The results of solvent effect 
showed alcohol solvents were effective for 5-HVA derivatives production; especially methanol gave the 
highest yield of 5-HVA derivatives. Acetic acid solvent showed good selectivity of 5-HVA derivatives; 
however, conversion of FCA became lower, suggesting competitive adsorption of substrate and acetic 
acid solvent. The best reaction conditions were T=373 K and P(H2)=4 MPa, and the highest yield of 
5-HVA derivatives reached 62%. At the reusability test, Pt/Al2O3 catalyst can be reused after calcination 
at 573 K for 1 h s regeneration. Based on kinetic study and reaction tests of related substrates, a related 
mechanism to the case of FCA reduction to VA was proposed. 
[Hydrogenolysis of tetrahydrofuran-2-carboxylic acid] In previous two sections, THFCA was produced as 
one of byproducts, however, the reactivity of THFCA is very low in these systems. The conversion of 
THFCA has not been studied well in the literature. Thus, in this study, I aimed to develop of new catalyst 
for hydrogenolysis of THFCA to 5-HVA and DVL. First, I tested various metal-metal oxide catalysts 
supported on SiO2. Rh-MOx (M= Mo, Re, and W) catalysts showed hydrogenolysis activity of THFCA, 
and Rh-WOx catalyst showed higher selectivity of 5-HVA and DVL. W/Rh=0.25 was the best W/Rh 
molar ratio, and T=413 K, P(H2)=1.5 MPa were the best reaction conditions, where selectivity of target 
products reached 21% at t=4 h. CO adsorption amount was decreased with W addition, on the other hand, 
Rh particle size from XRD was not changed with W addition. These results were similar to those of the 
previously reported Rh-MoOx and Rh-ReOx catalysts
[4]
, suggesting a similar structure that Rh particles 
are covered with WOx species. W L3-edge XANES spectra of reduced Rh-WOx/SiO2 catalysts showed 
valence of W species were 1.3-2.4. EXAFS spectra of W L3-edge showed the existence of W-Rh bond, 
however, W-W bond was not observed. These results support the structure that Rh particles are covered 
with WOx species.  
[Conclusions] In this study, I developed new catalytic systems for hydrogenolysis of 2-furancarboxylic 
acid and its derivatives to useful chemicals. In hydrogenolysis of 2-furancarboxylic acid, I found out the 
 
combination of Pt and Mo is effective for hydrodeoxygenation to valeric acid; role of Pt is opening of 
furan ring and that of Mo is deoxygenation. Over Pt catalyst without Mo, ring-opening product 
5-hydroxyvaleric acid is formed in appropriate conditions. On hydrogenolysis of THFCA, I found out 
Rh-WOx/SiO2 catalyst and suggest that the structure of the catalyst. I wish the catalyst structure and 
reaction mechanism revealed in this study contribute to the development of new hydrogenolysis catalysts. 
[References] [1] T. Asano, M. Tamura, Y. Nakagawa, K. Tomishige, ACS Sustainable Chem. Eng., 4 
(2016) 6253-6257. [2] T. Asano, Y. Nakagawa, M. Tamura, K. Tomishige, ACS Sustainable Chem. Eng., 7 
(2019) 9601-9612. [3] T. Asano, H. Takagi, Y. Nakagawa, M. Tamura, K. Tomishige, Green Chem., 21 
(2019) 6133-6145. [4] S. Koso, H. Watanabe, K. Okumura, Y. Nakagawa, K. Tomishige, Appl. Catal. B: 
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1.1. Utilization of fossil resources 
The consumption amount of fossil resources such as coal, petroleum and natural gas has 
increased since the industrial revolution. The main type of utilized fossil resource was shifted 
from coal to petroleum. The utilization of coal becomes limited to electricity generation and iron 
manufacturing. Petroleum now widely used as not only transportation fuel but also raw material 
of fibers, resins and chemicals. In the utilization of petroleum, crude oil is first separated into 
naphtha, kerosene, diesel, heavy oil, residue, etc. by fractional distillation. The main components 
of crude oil are saturated hydrocarbons, and therefore each distillate is also mainly composed of 
saturated hydrocarbons (alkanes). In the chemical industry, some of petroleum component, 
usually naphtha, is converted to small molecules with C=C double bonds such as ethylene, 
propylene and BTX (benzene, toluene and xylenes) by refining. These unsaturated hydrocarbons 
are “building blocks”; they react with oxygen or other reagents at the reactive double bonds or 
benzyl C-H bonds to give more complex molecules. For example, ethylene and propylene are 
used as raw material of commodity plastics, and BTX are used as raw material of engineering 
plastics or fibers such as polyamides (via adipic acid, hexamethylenediamine or -caprolactam) 
and polyesters (via terephthalic acid). These main conversion routes from crude oil in 
petrorefinery are summarized in Fig. 1.1. The role of the “building blocks” is the control of the 
position of the functional groups incorporated into the carbon chain; Alkanes have only C-H and 
C-C bonds, and selective functionalization is quite difficult. Once the C=C double bond is 





Fig. 1.1. General scheme of petrorefinery. 
 
However, utilization of petroleum has serious problems: (i) petroleum is non-renewable 
resource, (ii) the amount of reserved resources is limited, and (iii) CO2 is generated during use or 




Replacement of petroleum with renewable resources is a solution to the serious problems of 
utilization of petroleum described above. Renewable resources include hydropower, biomass, 
solar light, wind, geothermal power, and so on. Among renewable resources, only biomass is an 
organic resource; other renewable resources only generate electricity or heat. The utilization of 
biomass can be regarded “carbon neutral”, because the CO2 emitted during utilization of biomass 
can be re-fixed into biomass by photosynthesis. While the replacement of petroleum-derived 
transportation fuel is possible with other renewable resources via batteries and hydrogen, the role 
of petroleum as source of material can be only replaced by biomass. In addition, if the 
biomass-derived material or CO2 is buried, the system can be even “carbon negative”. 
There are various types of biomass with various components. The types of biomass are 























The most abundant and inexpensive biomass is lignocellulose (wood). Lignocellulose is inedible 
biomass and the production of lignocellulose can be carried out without competition with that of 
edible biomass such as vegetable oil and grains. This contrasts with the current technologies of 
biofuel production: bioethanol as biogasoline is produced from starch or sugar, and FAME (fatty 
acid methyl ester) as biodiesel is produced from vegetable oil.  
 
Table 1.1. Various types of biomass. 
Biomass Components Note 
Wood 
(lignocellulose) 
Cellulose, hemi-cellulose, lignin Large amount  
Grass/weed Cellulose, hemi-cellulose, lignin, ash  
Grain Starch, protein, (+ grass) Competition with food production 
Sugar Sucrose, (+ grass (bagasse)) Competition with food production 
Vegetable oil Triglyceride (+ grass) Competition with food production 
Seaweed Varies Competition with food production 
Food waste Varies  
Micro-algal oil Triglyceride, hydrocarbon Difficult to separate 
 
Table 1.2. Components of biomass. 
Biomass 
component 
Composition Edible? Note 
Cellulose [C6H10O5]n No Produced in pulp industry 
Hemi-cellulose [C6H10O5]n [C5H8O4]m No Water-soluble; by-product in pulp 
industry 
Lignin CH~1.3O~0.4 No By-product in pulp industry; complex 
mixture of aromatic polyether 
Starch [C6H10O5]n Yes Easy to collect 
Protein (RCHCONH)n Yes Also contains sulfur; difficult to collect; 
mixture of R 
Triglyceride C3H5(OCOR)3; 
CH~1.8O~0.1 
Yes Easy to collect; mixture of R 
Sucrose C12H22O11 Yes Primarily obtained as syrup 
 
The current main use of lignocellulose is the direct combustion for cooking, stove and power 
generation as well as the use as is (building materials). The direct combustion of lignocellulose 
can be replaced with electricity from other renewable resources. Considering that petroleum 
consumed in the production of chemicals can be replaced only by biomass in a sustainable 
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manner, utilization of lignocellulose as chemical source is more attractive than the direct 
combustion. 
Therefore, the production of chemicals from biomass, especially from lignocellulose, has been 
investigated intensively in these years. However, as shown in Table 1.2, biomass is a mixture of 
components with complex structure. For example, lignocellulose is a composite of cellulose and 
hemi-cellulose and lignin with weight ratio of about 50:30:20 (Table 1.3)[1]. Cellulose is a 
polymer of glucose units with high crystallinity. Hemi-cellulose is a water-soluble polymer of 
mainly xylose (a pentose) and glucose. Lignin is a polyether of propylbenzene units with 
undefined structure. Therefore, the conversion of biomass to each specific chemical is not 
straightforward.  
 
Table 1.3. Chemical compositions (wt%) of lignocellulosic biomass [1]. 
Biomass Cellulose Hemi-cellulose Lignin Extractive Ash 
Softwood      
Pine 46.9 20.3 27.3 5.1 0.3 
Spruce 45.6 20.0 28.2 5.9 0.3 
Fir 45 22 30 2.6 0.5 
Japanese cedar 38.6 23.1 33.8 4 0.3 
Hardwood      
Willow 41.7 16.7 29.3 9.7 2.5 
Poplar 49 24 20 5.9 1 
Cherry wood 46 29 18 6.3 0.5 
Japanese Beech 43.9 28.4 24.0 3 0.6 
Other plants      
Bamboo 39.8 19.5 20.8 6.8 1.2 
Miscanthus 34.4 25.4 22.8 11.9 5.5 
Switchgrass 40-45 31-35 6-12 5-11 5-6 
Agricultural waste      
Rice straw 37 16.5 13.6 13.1 19.8 
Rice husk 37.0 23.4 24.8 3.2 17.3 
Wheat straw 37.6 18.2 20.2 4.1 3.7 
Corn straw 42.7 23.2 17.5 9.8 6.8 
Corn cob 34.6 15.2 18.2 10.6 3.5 
Hazelnut shell 25.2 28.2 42.1 3.1 1.4 
 
1.3. Conversion of biomass: “platform chemicals” approach 
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The “platform chemicals” approach has been widely applied to the conversion of biomass to 
chemicals. In this approach, biomass is first processed and converted biologically (fermentation) 
or chemically into pure small compounds. These small biomass-derived compounds are called as 
platform chemicals. The platform chemicals are then converted into target useful chemicals. The 
general scheme of the “platform chemicals” approach is shown in Fig. 1.2. When the scheme is 
compared with the general scheme of petrorefinery in Fig. 1.1, the platform chemicals 
correspond to the building blocks in petrorefinery. Because of the similarity, the integrated 
process of biomass conversion to chemicals is called as “biomass refinery” or “biorefinery”. A 
large difference of petrorefinery and biomass refinery is the direction of the change of oxidation 
level or the number of functional groups. The O/C and H/C molar ratios of fossil fuels and 
biomass raw materials are plotted in Fig. 1.3 [2]. The compounds in the left (low H/C) and upper 
(high O/C) sides are more oxidized ones, and those in the right and lower sides are more reduced 
ones. Fossil fuels, especially refined fuel and methane, are highly reduced and very few 
functional groups. Biomass is highly oxidized, and, in particular, carbohydrates have high O/C 
ratio and have large number of functional groups. Therefore, biomass refinery requires selective 
defunctionalization while petrorefinery requires selective functionalization. 
 
 




















Fig. 1.3. The O/C and H/C molar ratios of fossil fuels and biomass raw materials. Reprinted from 
ref. [2] with permission by Royal Society of Chemistry. 
 
A number of compounds have been regarded as potential platform chemicals. The potential of 
platform chemicals is evaluated by several criteria such as availability of original biomass, 
production cost, variety of products from the compound, and so on. The most famous list of 
platform chemicals is that complied by U. S. Department of Energy, originally reported in 2004 
[3] and then revised in 2010 [4] (Fig. 1.4). Other groups later discussed list of platform 




Fig. 1.4. “Top” platform chemicals selected by U. S. Depart of Energy [3,4]. 
 
As shown in Fig. 1.4, sugar alcohols, furans and carboxylic acids are mainly selected as “top” 
platform chemicals. Carboxylic acids except 2,5-furandicarboxylic acid are produced by 
fermentation, and because fermentation requires starch or sugar as raw material, the production 
of carboxylic acid may compete with food production. In fact, the number of carboxylic acids in 
the list is decreased by the revision in 2010. Sugar alcohols are produced by hydrogenation of 
carbohydrates (sorbitol, xylitol and arabitol) or from triglycerides (glycerol). Except glycerol, 
these sugar alcohols can be produced from cellulose or hemi-cellulose in lignocellulose, although 
sorbitol is currently manufactured from edible sugars. However, sugar alcohols have many C-OH 
groups with similar reactivities. It is not easy to remove selectively part of the OH groups. Rather, 
current researches for sorbitol conversion tend to focus on decomposition into C≤3 molecules, 
total deoxygenation or simple dehydration (to isosorbide) rather than partial deoxygenation [6].  
On the other hand, furans listed in platform chemicals have different types of functional 
groups, and the selectivity control in the partial defunctionalization is easier than the case of 


























(a) 2004 DOE list (b) Revised list in 2010
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sugar alcohols. Furans in biomass refinery are first produced by acid-catalyzed dehydration of 
carbohydrates, as furfural (from pentoses) or 5-hydroxymethylfurfural (denoted as HMF; from 
hexoses). Furfural has been already manufactured in large scale from agricultural waste such as 
corn cob [7]. The production of HMF has been very intensively investigated [8]. The direct 
precursor of HMF is fructose, and thus fructose can be easily dehydrated to HMF with simple 
acid such as sulfuric acid. The production of HMF from cheaper carbohydrates such as glucose 
or cellulose requires isomerization of glucose unit, typically using Lewis acid. Over 50% yield of 
HMF has been reported by several groups from cellulose. Furfural and HMF can be converted to 
various compounds via reduction, oxidation, decarbonylation and so on (Fig. 1.5) [9].  
 
 
Fig. 1.5. Typical pathways from lignocellulose to chemicals via furfural or HMF. Reprinted from 
ref. [9] with permission by Wiley. 
 
Reduction of furfural or HMF with hydrogen has been the most investigated among various 
types of conversions [10]. The main product of the reduction can be changed by selection of 
catalyst, and therefore the catalyst development is the key to obtain the target product. Solvent 
Chapter 1 
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sometimes works critical effect in the reaction; for example, neutral or very weakly acidic water 
solvent is essential in the rearrangement of the furan ring into cyclopentanone ring to obtain 
cyclopentanone and 3-hydroxymethylcyclopentanone from furfural and HMF, respectively.  
One of problems of biomass refinery using furans are the instability of furans; furfural and HMF 
are relatively easily polymerized during storage. In addition, purification of HMF is difficult 
because of the low vapor pressure. Production of HMF sometimes uses unconventional solvents 
such as DMSO and ionic liquid, which makes the purification of HMF further difficult. In spite 
of the large potential supply of hexose for the source of HMF, the production of HMF has not 
been commercialized yet.  
On the other hand, the carbonyl and hydroxymethyl groups in furfural and HMF can be 
relatively easily oxidized to give 2-furancarboxylic acid (denoted as FCA; from furfural) and 
2,5-furandicarboxylic acid (denoted as FDCA; from HMF). FCA and FDCA are stable 
crystalline solids and can be easily purified and stored. These productions have been hot topics in 
conversions of furfural and HMF [11], and several catalyst systems which give excellent yields. 
Typical systems use base such as NaOH as additive; however, in such cases the isolation of free 
acid co-produces stoichiometric amount of salt by neutralization. Recently reported several 
catalyst systems (Pt, Au-Pd, Mn, etc.) can give excellent yields (>90%) without base using O2 as 
oxidant [12]. FDCA is a promising biomass-derived monomer for polyester alternative to PET 
(polyethylene terephthalate) and PBT (polybutylene terephthalate) plastics. Based on the promise, 
FDCA was listed as one of top platform chemicals in the list in Fig. 1.4. However, the use of 
FCA or FDCA as sources of other bio-based compounds is very limited.  
As the cases of many platform chemicals including furfural, HMF and sugar alcohols, 
selective partial reduction with H2 to one specific product should be promising conversion route 
in biomass refinery. Figure 1.6 displays the potential products of FCA or FDCA reductions, and 
Table 1.4 lists the literature data [13-28] of catalytic FCA reduction with H2. Many of the 
literature data are simple ring-hydrogenation to tetrahydrofuran-2-carboxylic acid (THFCA) or 
its ester and the hydrogenation of the carboxyl group to furfuryl alcohol. However, the reduction 
of the carboxyl group of FCA (and FDCA) has little importance in biomass refinery because the 
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products (furfuryl alcohol, 2,5-furandimethanol, 5-hydroxymethyl-2-furancarboxylic acid and 
their hydrogenation products) can be more simply produced from furfural or HMF. Therefore, 
products with carboxyl group(s) are more attractive targets (hydroxyvaleric acids, valeric acid, 
2-hydroxyadipic acid and adipic acid). Among these carboxylic acids, adipic acid is by far the 
most important chemical in industry because it is a monomer of polyamide [29]. Other 
dicarboxylic acids and valeric acid are also useful chemicals because dicarboxylic acids can be 
used as monomers and valeric esters can be used as perfumes and fuel additives [30].  
 
 























FCA Pt oxide Alcohol 25/0.5/79 <0.2 n.r. 4 n.r. THFCA (40%**) [13] 
FCA Pt oxide Acetic 
acid 
n.r. n.r. n.r. n.r. n.r. -Valerolactone 
(n.r.) 
[14] 
FCA Pd(PPh3)4 + 
(tBuCO)2O 
THF 0.22/0.02 mmol+6 
mmol/4.4 
3 353 48 >99 Furfural (87*) [15] 




3 rt 1 100 THFCA [16] 





3 Rt 4 37 THFCA [17] 
Menthyl 
ester 
PtO2 iPrOH 0.3 mmol/0.025/12 3 313 6 0 - [18] 
Menthyl 
ester 
Pt/C iPrOH 0.3 mmol/0.025/12 3 298 6 0 - [18] 
Menthyl 
ester 










Pd/Al2O3 iPrOH 0.3 mmol/0.025/12 3 313 6 0 - [18] 
Menthyl 
ester 
Pd(OH)2/C iPrOH 0.3 mmol/0.025/12 3 313 6 98 Menthyl ester of 
THFCA 
[18] 
MeFC Ru PNP complex THF 0.056/0.005 
mmol/0.9 
3 393 19 n.r. Furfuryl alcohol 
(81*) 
[19] 
MeFC Ir PNP complex + 
NaOMe 
Toluene 0.13/0.02 mmol + 
0.1 mmol/1.8 
5 403 18 n.r. Furfuryl alcohol 
(89*) 
[20] 
FCA Co triphos 
complex 
THF 0.15 M/0.0075 M 8 373 22 0 - [21] 
MeFC Fe pincer complex THF 0.13/0.02 
mmol/0.9 
3 373 18 >99 Furfuryl alcohol 
(95) 
[22] 
MeFC Mn Pincer 
complex + tBuOK 
Dioxane 0.13/0.02 mmol + 
0.1 mmol/2 









1 303 1.5 67 THFCA (100) [24] 
FCA Re complex THF 0.056/0.01 
mmol/3.5 
4 433 48 n.r. Furfuryl alcohol 
(50*) 
[25] 
MeFC Ru NNS complex 
+ tBuOK 
Toluene 1.9/0.0075 mmol 
+ 0.038 mmol/26 
5 353 10 n.r. Furfuryl alcohol 
(80*) 
[26] 
FCA Pd/Re/C + MS4A EtOAc 0.11/0.11+0.2/4.5 2 403 18 n.r. Tetrahydrofurfuryl 
alcohol (69*) 
[27] 




FCA Pd/MIL-101-SO3H EtOH 0.2/0.005/4 1 373 6 91 EtTHFC (41), 
THFCA (59) 
[28] 
FCA: 2-Furancarboxylic acid; MeFC: Methyl 2-furancarboxylate; THFCA: Tetrahydrofuran-2-carboxylic acid; 
EtTHFC: Ethyl tetrahydrofuran-2-carboxylate; n.r.: not reported; *: yield; **: isolated yield. 
 
 
One method to produce adipic acid from FDCA has been reported, which a multistep reaction 
with tetrahydrofuran-2,5-dicarboxylic acid (THFDCA) as intermediate and uses I- as a key 
component for the deoxygenation step of THFDCA. The method was first reported in a patent 
[31], and recently Vlachos et al. have reported improved systems [32]. However, iodide is a 
corrosive homogeneous component, and the systems using only heterogeneous catalyst are 
favorable. In this thesis, the conversion systems of FCA or FDCA with heterogenous catalysts 
and H2 to products without reduction of carboxylic acid moiety are described. 
 
1.4. Strategy of the catalyst development 
All the target reactions involve dissociation of C-O bonds in furan ring or tetrahydrofuran ring. 
The dissociation of C-O bond with H2 is called C-O hydrogenolysis. As discussed in the previous 
section, C-O hydrogenolysis is an important reaction in biomass refinery. The use of other 
reducing agents such as alcohols has been also intensively investigated in the literature [33]; 
however, the use of H2 as reducing agent is much favorable in views of atom efficiency and cost. 
The use of heterogenous catalysts (insoluble solid catalysts) is practically also favorable over 
that of soluble (homogeneous) catalysts in view of separation of catalyst from the reaction 
mixture and applicability to the continuous flow system. Heterogeneous catalysts are usually 
inorganic material, and the tolerance to heat is better than homogeneous complex catalysts using 
organic ligands. 
C-O hydrogenolysis requires activation of H2 molecule. Typical active site of H2 activation is 
metal surface, especially over noble metal surface. Activation of the other reactant, organic 
substrate, is also necessary. Surely noble metal surface can sometimes activate organic 
molecules; however, the use of another catalyst component for activation of organic molecules is 
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a systematic and versatile method. One typical method is the use of acid. Alcohols and ethers can 
be activated by strong Brønsted acids, and alkenes can be formed by dehydration or alcohol 
elimination. Hydrogenation of the formed alkenes produces alkanes, and the combination of 
these two reactions replaces the C-OR moiety to C-H after all [34]. However, the strategy of the 
combination of acid and metal has difficulty in the selectivity control. The strong acid can cause 
various side reactions, and the reactivity is most controlled by the substrate structure and not by 
the choice of catalyst.  
Another strategy is the use of oxophilic metal (usually in oxide state) as additive [35], because 
the target reaction involves dissociation of a bond to oxygen atom. In particular, direct bonding 
between noble metal surface and additive is better because the activated substrate on the additive 
is easily contacted with activated hydrogen species [36]. In addition, the direct bonding can 
affect the electronic state of the noble metal atom attached to the additive, and the nature of the 
activated hydrogen species can be also affected. The combination of these two effects, noble 
metal catalysts modified with oxophilic metal have various selectivities depending on the 
combination of metal and additives. In addition to selectivity changes, large activity increase is 
sometimes obtained by the addition of oxophilic metal. On the other hand, the selection of 
support, which usually is very important in metal catalysts, is rather limited in noble metal 
catalysts modified with oxophilic metal. This is because when the interaction between support 
and modifier is strong the modifier is rather dispersed on support surface rather than attached to 
noble metal surface. Support with weaker interaction with loaded species is usually used such as 
SiO2. The examples of C-O hydrogenolysis and other reduction reactions over noble metal 









Table 1.5. Examples of noble metal catalysts modified with oxophilic metal  
Noble metal Additive (as 
oxide) 
Substrate Product Ref. 
Rh Re, Mo, W 








Rh Re, Mo, W 
  
[40] 






Ir Re, Mo, Nb, Fe 
  
[44] 













Ru W, Mo, Re 
  
[51] 

















Pt, Rh, Pd Mo 
 
+   
[57] 
     
 
As shown in Table 1.5, various combinations have been reported to be active, and the effective 
ones depend on the type of target reaction. Therefore, in this thesis, the author tests various 
combinations of noble metal and additive to find an effective one for the new reactions. 
 
1.5. Outline of the thesis 
This thesis presents the results of the catalyst development of selective C-O hydrogenolysis 
2-furancarboxylic acid (FCA) and 2,5-furandicarboxylic acid (FDCA). This is the first study 
where these reactions were investigated using heterogeneous catalysts and H2 without 
homogeneous additives.  
Chapter 1 (this chapter) is a general introduction: Production of useful chemicals from organic 
resources, the role of biomass as source of chemicals, typical pathways from biomass to useful 
chemicals, importance of furans as platform chemicals in biomass conversions, potential of 
furancarboxylic acids as platform chemicals, and the method of catalyst development. The 
purpose of thesis is described therein. 
Chapter 2 presents the discovery of Pt-MoOx/TiO2 catalyst for FCA conversion to valeric acid 
(eq. (1)). This is the first report for this reaction. The effect of the combination and compositions 
of components is comprehensively investigated, and about 60% valeric acid yield was obtained. 
The catalyst was characterized by various methods such as XRD, TEM, CO adsorption and 
XAFS. In combination with kinetic studies and reaction tests of the related compounds, the 
reaction mechanism is proposed. In addition, the system was applied to more important reaction, 
FDCA to adipic acid (eq. (2)). 




Chapter 3 describes the production of 5-hydroxyvaleric acid or its derivatives (-valerolactone 
and ester of 5-hydroxyvaleric acid) from FCA (eq. (3)). While this is a side reaction in Chapter 2, 
these products are potentially useful as monomers. The effectiveness of Pt/Al2O3 catalyst was 
clarified. The deactivation phenomenon was carefully investigated, and the effective 
regeneration method was developed. In combination with kinetic studies and reaction tests of the 
related compounds, the author proposes the reaction mechanism.  
   (3) 
Chapter 4 describes the investigation of the catalytic hydrogenolysis of hydrogenated 
derivative of FCA, tetrahydrofuran-2-carboxylic acid, to 5-hydroxyvaleric acid (or its lactone, 
-valerolactone) (eq. (4)). Tetrahydrofuran-2-carboxylic acid is an inactive by-product of the 
reaction systems in Chapters 2 and 3. The hydrogenolysis of tetrahydrofuran-2-carboxylic acid 
was tested with Rh-based catalysts which are generally more active in various C-O 
hydrogenolysis reactions. The effect of additive metal was investigated, and W was found to be 
more selective than Mo or Re. The catalyst structure was clarified and the difference from Mo- 
or Re-modified catalysts is discussed. 
   (4) 
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As discussed in Chapter 1, furfural and 5-hydroxymethylfurfural (HMF), which are produced 
from pentoses and hexoses, respectively, are well-known platform compounds in the conversion 
of biomass to useful fuels and chemicals. Oxidation of furfural and HMF can produce 
2-furancarboxylic acid (FCA) and 2,5-furandicarboxylic acid (FDCA), respectively, in high yield. 
However, the use of FCA and FDCA as sources of bio-based compounds is very limited except 
the use of FDCA as a monomer of polyester. Since the carboxylic acid moiety is produced by 
oxidation of reactive sources, reductive conversions of this group are not attractive in view of 
biomass conversions. The reduction of furan ring with retention of carboxylic acid moiety is 
more attractive. Among the reduction products from FCA and FDCA with retention of the 
carboxyl groups, adipic acid is the most important compound in industry because it is used as a 
monomer of polyamide. Adipic acid is the product of total reduction of the furan ring of FDCA. 
The product of the same reaction from FCA is valeric acid, which can be used as perfume and 
fuel additives as esters. Here, the author discovers a new catalyst, namely Pt-MoOx/TiO2, for this 
reaction. Although production of VA or VA esters from biomass-derived levulinic acid with 
excellent yield (90~99%) has been reported [1-5], there is no report on VA production from FCA. 
FCA is first selected as the substrate because of the simpler structure than FDCA. Preliminary 
application of the system to FDCA is also described. 
 
2.2. Experimental section 
2.2.1. Catalyst preparation 
Pt-MoOx/TiO2 catalysts were prepared by sequential impregnation method using TiO2 support 
(AEROXIDE P25, 50 m2/g, AEROSIL, calcined at 973 K for 1 h). First, TiO2 was impregnated 
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with Pt(NO2)2(NH3)2 in nitric acid (Tanaka Kikinzoku Kogyo), followed by evaporating the 
solvent on a hot stirrer and drying at 383 K for overnight. After drying, the Pt/TiO2 was 
impregnated with aqueous solution of (NH4)6Mo7O24·4H2O (Wako Pure Chemical Industries, 
Ltd.), and evaporating the solvent and drying at 383 K for overnight was carried out again. Other 
catalysts were prepared with a similar method, using CeO2 (HS, 84 m
2/g, Daiichi Kigenso 
Kagaku Kogyo, calcined at 973 K for 1 h), ZrO2 (RC-100P, 100 m
2/g, Daiichi Kigenso Kagaku 
Kogyo, calcined at 973 K for 1 h), SiO2 (CARiACT G6, 475 m
2/g, Fuji Silysia, calcined at 973 
K for 1 h), Al2O3 (AEROXIDE Alu C, 100 m
2/g, AEROSIL, calcined at 973 K for 1 h), MgO 
(500A, 33 m2/g, Ube Material Co., Ltd., calcined at 1273 K for 1 h), or activated carbon 
(Shirasagi FAC-10, 851 m2/g, Japan EnviroChemicals, Ltd.). The noble metal precursors were 
Ru(NO)(NO3)3-x(OH)x (Sigma-Aldrich), RhCl3·3H2O (Wako Pure Chemical Industries, Ltd.), 
H2IrCl6 in hydrochloric acid (Furuya Metals Co., Ltd), Pd(NO3)2 (NE chemcat Co., Ltd.), or 
HAuCl4·4H2O (Wako Pure Chemical Industries, Ltd.). The precursors of modifier metal were 
NH4VO3 (Wako Pure Chemical Industries, Ltd.), (NH4)10W12O41·5H2O (Wako Pure Chemical 
Industries, Ltd.), and NH4ReO4 (Mitsuwa Chemicals Co., Ltd.). The dried catalysts were 
calcined at 773 K for 3 h under air. Pt-MoOx/C was heated at 573 K for 3 h under N2 flow 
instead of calcination at 773 K. The loading amount of Pt or other noble metals was typically 4 
wt%, and the molar ratio of Mo or other modifying metals to Pt or noble metal was typically 
0.25.  
 
2.2.2. Activity tests 
Catalytic reactions were performed in a 190 ml stainless-steel autoclave with an inserted glass 
vessel. Substrates are commercially available and were used as received (2-furancarboxylic acid, 
3-furancarboxylic acid and DL-lactic acid: Wako Pure Chemical Industries, Ltd; furan, 
2,3-dihydrofuran and 2,5-dihydrofuran: Tokyo Chemical Industry Co., Ltd.). The catalyst 
(typically 0.10 g), solvent (19 g), and substrate (10 mmol) were loaded in the inserted glass 
vessel with a spinner. The glass vessel was set to the reactor, and the air content in the reactor 
was purged by flushing three times with 1 MPa of hydrogen (Showa Denko K.K.). The autoclave 
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was then heated to 413 K. When the temperature reached 413 K, the H2 pressure became 1.5 
MPa, and then the H2 pressure was set to the desired value when necessary. The reaction time 
was defined as 0 h at that time. The heating to 413 K took about 30 min. The reaction mixture in 
the reactor was magnetically stirred at 500 rpm at all times. After an appropriate reaction time, 
the reactor was cooled with water bath. The gas was collected in a gas bag. The liquid and solid 
were collected together with washing solvent (1,4-dioxane 20 g, Wako Pure Chemical Industries, 
Ltd.). The catalyst was separated by filtration. The liquid was analyzed by FID-GC (Shimadzu 
GC-2025 or GC-2014) equipped with an HP-FFAP capillary column, and the gas was analyzed 
by FID-GCs equipped with an Rtx-1 PONA capillary column and with a Porapak N packed 
column and methanator. Products were also identified by GC-MS (QP-2010, Shimadzu). 
DL-lactic acid was analyzed by HPLC (Prominence, Shimadzu) with RID and UV-vis detector. 
Aminex HPX-87H column and 0.01 M H2SO4 aq as mobile phase were used for separation. 
Conversion, yield, and carbon balance were calculated by the following equations. The 
formation of adipic acid was also confirmed by the detection of dimethyl adipate by GC-MS 
after the reaction of the reaction mixture with hot methanol in the presence of Amberlyst 70. 
Total organic carbon in the reaction solution was analyzed by TOC-L analyzer, Shimadzu. 
Distilled water (WAKO pure chemicals, Ltd.) was used for washing solvent instead of 
1,4-dioxane. 
conversion [%] = (1 −
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]
) × 100 
yield  [%]
=  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 [𝑚𝑚𝑜𝑙] × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙] × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
× 100 
carbon balance [% ]
=  
∑(𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 [𝑚𝑚𝑜𝑙] × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑡ℎ𝑒  𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙] × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
× 100 
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The used catalysts were recycled in two different methods; (i) separation by centrifugation 
(6000 rpm, 5 min) under air, drying at 383 K for overnight, and calcination in air at 773 K for 3 h, 
and (ii) removal of the reaction solution by decantation and reloading substrate and solvent in 
N2-filled glove bag. Although ~ 10% of catalyst was lost in both methods, the run with used 
catalyst was carried out with the same amount of substrate and solvent as the first run. 
 
2.2.3. Catalyst characterization 
XRD patterns were recorded with Rigaku MiniFlex600 diffractometer with Cu Kα radiation (λ 
= 0.154 nm, 45 kV, 40 mA). The samples after the reaction or reduction were transferred to a 
sample holder (Rigaku Corporation) under air. The particle size (d) on the catalysts was 
calculated by the Scherrer’s equation using the (111) peak at around 40 °. The dispersion (D) was 
calculated by the following method. In the spherical particle equivalent approximation, the D is 
related to the volume-area mean diameter d̅VA [nm] as D = 6(VM/aM)/d̅VA (equation 4), where aM 
and VM are, respectively, the effective average area occupied by a metal atom in the surface, and 
the volume per metal atom in the bulk. The values of 6(VM/aM) were calculated from the data in 
the literature; 1.1 [nm] for Pt [6]. 
Field emission scanning transmission electron microscope (FE-STEM) images were obtained 
with a Hitachi HD-2700 instrument operated at 200 kV. The samples were dispersed in ethanol, 
and they were dropped on Cu grids under air. Average Pt particle size (d) was calculated by the 
following equation: d = (nidi
3)/(nidi
2) (di: size of each particle, ni: number of particle with size 
di). 
The amount of CO chemisorption was measured with MicrotracBEL BELCAT II using a pulse 
adsorption method. The calcined catalyst (about 50 mg) was pre-reduced with H2 at 473 K for 30 
min. After reduction, the sample tube was purged with He for 30 min at 473 K. Subsequently the 
adsorption was performed at 308 K. Adsorption gas was 10 vol.% CO/He, and gas volume was 
0.888 cm3/pulse. Adsorption was measured until the difference of last three times became within 
1%. 
ICP-AES was carried out with ThermoFisher, iCAP6500. 
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The XAFS spectra were measured at the BL14B2 station at SPring-8 with the approval of the 
Japan Synchrotron Radiation Research Institute (JASRI). Detectors (ion chambers) for I0 were 
filled with 85% N2 + 15% Ar and 80% Ar + 20% Kr for Pt L3-edge and Mo K-edge measurement, 
respectively. Detectors for I were filled with 50% N2 + 50% Ar and 50% Ar + 50% Kr for Pt 
L3-edge and Mo K-edge measurement, respectively. The catalyst sample after reduction or 
reaction was transferred to a UV/vis cell (UV-Cuvette micro 8.5 mm, BRAND GMBH + CO 
KG; optical path length: 2 mm) in a glove bag filled with N2. The data for Pt L3-edge and Mo 
K-edge were collected in a transmission mode (edge jumps: 0.33-1.0) and a fluorescence mode 
(edge jumps: 0.30-1.0), respectively. For extended X-ray absorption fine structure (EXAFS) 
analysis, the oscillation was first extracted from the raw spectrum using a spline smoothing 
method, and Fourier transformation of the k3-weighted oscillation was performed. The range of 
Fourier transformation and that of filtering in inverse Fourier transformation for curve fitting are 
shown in each result. In the curve fitting, the curves and the empirical phase shifts for Pt-Pt and 
Mo-O bonds were determined from the data of Pt foil and Na2MoO4, respectively. Theoretical 
curves for the Mo-Mo, Mo-Pt, and Pt-Mo bonds were calculated with FEFF 8.20 program. 
Analyses of EXAFS and X-ray adsorption near edge spectra (XANES) data were performed 
using a computer program (REX2000, ver. 2.6.0; Rigaku Corp.). 
Typically, the “reduced” catalyst samples were prepared by treating the catalyst added to water 
solvent with 1.5 MPa H2 at 413 K for 30 min. The “used” catalyst samples were collected after 
the reaction with the conditions of 0.1 g catalyst, 10 mmol 2-furancarboxylic acid, 19 g water, 
1.5 MPa H2, 413 K and 4 h. 
 
2.3. Result and discussion 
2.3.1. Initial catalyst screening 
The results of the reduction of FCA over various catalysts are shown in Table 2.1. The molar 
ratio of the modifier to noble metal was set at 0.25. Pt-MoOx/TiO2 catalyst gave the highest VA 
yield of 51% (entry 1). Other metal oxide-supported Pt-MoOx catalysts also gave some amount 
of VA; however, the yields were lower than that over Pt-MoOx/TiO2 (entries 2-6). 
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Carbon-supported Pt-MoOx catalysts showed very low yield of VA (entry 7). The main 
byproducts on Pt-MoOx catalysts were tetrahydrofuran-2-carboxylic acid (THFCA), which is the 
ring-hydrogenated product, δ-valerolactone (DVL), 5-hydroxyvaleric acid (HVA), and 
5-oxovaleric acid (OVA) (Fig. 2.1). Small amount of CO2 was also formed probably via 
Pt-catalyzed aqueous phase reforming [7-9]. Hydrogenation products of the carboxyl group such 
as 1-pentanol and 1,5-pentanediol were hardly observed. Carbon balance by FID-GC analysis 
was significantly lower than 100% in Pt-MoOx catalyst systems. On the other hand, analysis of 
total organic carbon (TOC) in the aqueous phase showed that larger amount of organic material 
remained in the aqueous phase (TOC: 90%; entry 1) than total amount of GC-detected 
compounds in liquid phase (80%). Some amounts of heavy water-soluble compounds are 
suggested to be formed. In the cases of Rh-MoOx/TiO2 and Pd-MoOx/TiO2, the main products 
were THFCA and 5-OVA, and VA was hardly observed (entries 8-9). This behavior agreed well 
with the previous reports on higher activity of Pd and Rh in furan-ring hydrogenation than that of 
Pt [10-13]. Ir-MoOx/TiO2, Ru-MoOx/TiO2, Au-MoOx/TiO2, and MoOx/TiO2 showed very low 
activity (entries 10-13). The catalytic activity of Pt/TiO2 with other modifier than Mo was also 
much lower and only trace amount of VA was observed (entries 14-17). The physical mixture of 
Pt/TiO2 and MoOx/TiO2 showed no promotional effect on activity and selectivity to VA (entry 
18). From these results, it is concluded that the combination of Pt and Mo on the same support is 





Table 2.1. Reduction of 2-furancarboxylic acid (FCA) over various catalysts. 
Entry Catalyst Conv. 
[%] 
Yield (carbon based) [%] C.B. 
[%] VA THFCA DVL 5-HVA 5-OVA CO2 Others 
1  Pt-MoOx/TiO2 97  51  4  5  7  9  3  1 83  
2  Pt-MoOx/Al2O3 99 28 9 15 6 7 <1 1 68 
3  Pt-MoOx/CeO2 86 15 8 17 5 4 <1 1 64 
4  Pt-MoOx/ZrO2 89 29 9 12 5 6 <1 2 73 
5  Pt-MoOx/SiO2 71  26  4  7  3  8  3  2 82  
6  Pt-MoOx/MgO 80 19 8 8 6 6 <1 2 67 
7  Pt-MoOx/C 23  <1 7  3  1  1  4  2 95  
8  Rh-MoOx/TiO2 57  <1 27  <1 <1 12  2  <1 83  
9  Pd-MoOx/TiO2 >99 <1 81  <1 <1 18  <1 <1 100  
10 Ir-MoOx/TiO2 9  <1 <1 <1 <1 <1 3  2 96  
11  Ru-MoOx/TiO2 7  <1 <1 <1 <1 <1 3  2 98  
12  Au-MoOx/TiO2 8  <1 <1 <1 <1 <1 3  5 100  
13 MoOx/TiO2a 10  <1 <1 <1 <1 <1 3  <1 93  
14 Pt-VOx/TiO2 27  1  3  3  1  1  2  <1 86  
15 Pt-WOx/TiO2 27  2  4  2  1  2  2  <1 86  
16  Pt-ReOx/TiO2 26  2  3  3  2  2  2  <1 88  
17  Pt/TiO2 19  1  2  1  1  1  2  <1 89  
18 Pt/TiO2 + 
MoOx/TiO2a,b 
28 1 3 5 <1 2 <1 2 85 
Reaction conditions: catalyst (4 wt% noble metal, additive/noble metal = 0.25) 0.10 g, FCA 10 mmol, 
H2O 19 g, H2 1.5 MPa, 413 K, 4 h. a: Mo=4 wt%, b: 0.10 g + 0.013 g.  
VA: valeric acid; THFCA: tetrahydrofuran-2-carboxylic acid; DVL: δ-valerolactone; HVA: 
hydroxyvaleric acid; OVA: oxovaleric acid; Others: 1-pentanol, 1,5-pentanediol, alkanes, and furans; 
C.B.: carbon balance. 
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2.3.2. Performance of Pt-MoOx/TiO2 (4 wt% Pt, Mo/Pt=0.25) 
The time-course of hydrodeoxygenation of FCA over Pt-MoOx/TiO2 (4 wt% Pt, Mo/Pt=0.25) 
catalyst was shown in Fig. 2.2. The formation of VA was clearly observed even at low 
conversion. The highest VA yield was 51%, which was obtained at 4 h. The formation amount of 
main byproducts such as THFCA, DVL, and 5-HVA was not large at all reaction times, and the 
amount increased gradually at longer reaction time, suggesting that VA was not formed via these 
byproducts. To confirm this, reduction of THFCA and DVL over Pt-MoOx/TiO2 was conducted 
(Table 2.2). The reactivity of THFCA was much lower than FCA, and the reduction of THFCA 
gave only small amount of 1,5-pentanediol (4% yield) and DVL (1% yield). The main products 
in the DVL reduction were 1,5-pentandiol (20% yield) and 5-HVA (12% yield). An important 
point is that VA was hardly formed in both cases of THFCA and DVL, which supports the idea 
that THFCA and DVL are not intermediates of VA formation. These results indicate that the high 
reactivity of FCA is caused by the presence of furan-ring, and suggest that the C-O bonds 
dissociated before the hydrogenation of C=C bonds. 
 
 
Fig. 2.2. Time-course of hydrodeoxygenation of FCA over Pt-MoOx/TiO2 catalyst (4 wt% Pt, 
Mo/Pt = 0.25) (○Conversion, ■yield of valeric acid, ▲yield of tetrahydrofuran-2-carboxylic 
acid, ◆sum yield of δ-valerolactone and 5-hydroxyvaleric acid, ●yield of 5-oxovaleric acid, ─ 
loss of carbon balance). Reaction conditions: Pt-MoOx/TiO2 catalyst (4 wt% Pt, Mo/Pt = 0.25) 

































Table 2.2. Hydrodeoxygenation of FCA, THFCA, and DVL over Pt-MoOx/TiO2. 
Entry Substrate Conv. 
[%] 
Yield (carbon based) [%]   C.B. 
[%] VA THFCA DVL 5-HVA 5-OVA 1-PeOH 1,5-PeD CO2 Others 
1  FCA 97  51  4  5  7  9  <1  <1 3  1 83  
2  THFCA 18  <1 - 1  <1 <1 <1 4  <1 <1 89  
3  DVL 74  1  <1 - 12  <1 3  20  <1 <1 62  
Reaction conditions: Pt-MoOx/TiO2 catalyst (4 wt% Pt, Mo/Pt = 0.25) 0.10 g, substrate 10 mmol, H2O 19 
g, H2 1.5 MPa, 413 K, 4 h. VA: valeric acid; THFCA: tetrahydrofuran-2-carboxylic acid; DVL: 
δ-valerolactone; HVA: hydroxyvaleric acid; OVA: oxovaleric acid; PeOH: pentanol; PeD: pentanediol; 
Others: alkanes, and furans; C.B.: carbon balance. 
 
Reusability of Pt-MoOx/TiO2 (Mo/Pt= 0.25, 4 wt% Pt) catalyst was tested and the results are 
shown in Table 2.3. In order to avoid the effect of air exposure, the used catalyst was collected 
by decantation under N2 and it was tested for the next run (Table 2.3, entry 2). The conversion 
decreased to 64% from 97%, and the catalyst deactivation was observed to some extent, even 
considering the 10% loss of the catalyst during the recovery process. One possible cause of the 
catalyst deactivation is the deposited carbonaceous species. Therefore, the catalyst was reused 
after the calcination (entry 3). The conversion was 70%, and it was comparable to the case 
without air exposure, suggesting that the carbon deposition is not the main cause. In addition, the 
ICP-AES analysis of the reaction solution of the first run using the fresh catalyst indicates that 
leaching of Pt and Mo was negligible (<0.01% and <0.1%, respectively). Moreover, the 
aggregation of metal particles was evaluated by XRD (Fig. 2.3). The particle size of Pt metal on 
the used catalyst was determined to be 2.9 nm, which was comparable to that of freshly reduced 
catalyst (2.9 nm), showing that aggregation did not occur. The mechanism of the deactivation 
will be discussed again later. 
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Table 2.3. Reusability of Pt-MoOx/TiO2 catalyst in hydrodeoxygenation of FCA. 
Entry Recovery method Conv. 
[%] 
Yield (carbon based) [%] C.B. 
[%] VA THFCA DVL 5-HVA 5-OVA CO2 Others 
1 Fresh (first use) 97 51 4 5 7 9 3 1 83 
2 Decantation under N2 64 24 5 5 4 6 <1 <1 82 
3 Centrifugation and 
calcination at 773 K 
for 3 h 
70 24 4 5 5 7 1 4 80 
Reaction conditions: Pt-MoOx/TiO2 catalyst (4 wt% Pt Mo/Pt=0.25) 0.10 g (0.09 g at reuse), FCA 10 
mmol, H2O 19 g, H2 1.5 MPa, 413 K, 4 h. VA: valeric acid; THFCA: tetrahydrofuran-2-carboxylic acid; 
DVL: δ-valerolactone; HVA: hydroxyvaleric acid; OVA: oxovaleric acid; Others: 1-pentanol, 
1,5-pentanediol, alkanes, and furans; C.B.: carbon balance. 
 
 
Fig. 2.3. XRD patterns of TiO2, Pt/TiO2, Pt-MoOx/TiO2 catalysts. 
(a) TiO2 calcined at 973 K, (b) Pt-MoOx/TiO2 (4 wt% Pt, Mo/Pt = 0.25) reduced in water with 
1.5 MPa H2 at 413 K, (c) Pt-MoOx/TiO2 (4 wt% Pt, Mo/Pt = 0.25) after the reaction (Table 2.3, 
entry 1), (d) Pt/TiO2 (4 wt% Pt) reduced in water with 1.5 MPa H2 at 413 K. 
 
Table 2.4 lists the results of reduction of other 2-furancarboxylic acids over Pt-MoOx/TiO2 
catalyst: 5-methyl-2-furancarboxylic acid and 2,5-furandicarboxylic acid (FDCA). Hexanoic 
acid was indeed produced from 5-methyl-2-furancarboxylic acid (entry 2), although the yield 
(11%) was lower than that of VA from FCA (entry 1). In the reduction of FDCA, adipic acid 
(AA) was detected, however, the yield was very low at 413 K (5%) (entry 3). The low solubility 















yield increased to 21% at higher temperature, 473 K (entry 4). In fact, the yield of AA is not 
satisfactory even at 473 K, and further catalyst development is necessary for higher AA yield. 
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(5) 21 1    3 32 
Reaction conditions: Pt-MoOx/TiO2 catalyst (4 wt% Pt, Mo/Pt = 0.25) 0.10 g, H2O 19 g, H2 1.5 MPa, 413 K, 4 h. a: 
473 K. Others: alkanes, furans, and unidentified products, C.B.: carbon balance. 
 
2.3.3. Effect of catalyst composition and reaction conditions 
Here, the loading amount of both Pt and Mo of Pt-MoOx/TiO2 catalyst was changed in the 
range of 1-20 wt% and 0.125-2 wt%, respectively, and compared the performances in FCA 
reduction. The reaction results over constant amount of catalyst are summarized in Table 2.5. In 
the cases of Pt 4 wt%, 10 wt% and 20 wt%, the highest yield of valeric acid was obtained over 
the catalyst with Mo 0.5 wt%. As described in the previous section, it has been already 
confirmed that the over-reaction of valeric acid is negligible over Pt-MoOx/TiO2 catalyst. 
Therefore, decrease of valeric acid yield with increase of Mo amount at high loading amounts (Pt 
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≥ 4 wt%, Mo ≥ 0.5 wt%) means lower selectivity of such catalysts. Lowering the Pt loading 
amount below 4 wt% decreased the valeric acid yield significantly, even based on Pt amount. 
Considering the relatively low reusability of Pt-MoOx/TiO2 catalyst, the deactivation of catalyst 
with very low Pt amount might lower the valeric acid yield in the activity tests of Table 2.5. Then, 
the author compared the performance of Pt-MoOx/TiO2 catalysts with Mo 0.5 wt% in the 
reaction conditions set at constant Pt amount by varying catalyst amount (Table 2.6). The results 
showed that all Pt-MoOx/TiO2 catalysts with Mo 0.5 wt% have good selectivity to valeric acid 
when sufficient amount of catalyst was used. The yield of valeric acid reached around 60%, and 
the value was slightly higher than that in the previous section (51%) where smaller amount (one 





Table 2.5. Hydrodeoxygenation of 2-furancarboxylic acid (FCA) over Pt-MoOx/TiO2 catalysts 






Yield [%-C] Carbon 
balance 
[%] Pt Mo VAb THFCAc DVLd HVAe OVAf C4sg Others 
1 0 14 <1 1 <1 <1 <1 5 1 90 
1 0.13 13 <1 1 <1 <1 1 3 <1 92 
1 0.25 18 1 1 1 <1 <1 5 <1 90 
1 0.5 23 3 1 1 <1 1 1 <1 85 
1 1 18 2 1 1 1 1 4 <1 90 
1 2 24 4 2 1 1 2 4 <1 87 
2 0 17 <1 1 1 <1 1 3 <1 91 
2 0.13 20 3 2 1 1 1 2 <1 88 
2 0.25 23 4 1 1 1 1 3 <1 88 
2 0.5 45 12 3 2 1 3 2 <1 79 
2 1 53 20 2 2 2 5 3 <1 79 
2 2 53 18 3 3 2 5 4 <1 81 
4 0 19 1 2 1 1 1 2 1 90 
4 0.13 30 8 2 1 1 2 4 <1 88 
4 0.25 58 19 4 4 2 4 2 <1 77 
4 0.5 97 51 4 5 7 9 3 <1 83 
4 1 99 46 5 8 5 6 2 <1 75 
4 2 91 34 6 8 5 6 2 <1 71 
10 0 20 1 2 1 <1 1 4 <1 88 
10 0.13 77 37 3 3 3 7 1 <1 77 
10 0.25 89 45 2 2 3 7 2 <1 73 
10 0.5 93 56 2 4 2 4 4 <1 80 
10 1 99 52 3 4 4 9 2 1 76 
10 2 98 47 4 4 4 7 5 1 75 
20 0 18 1 1 1 <1 1 3 <1 88 
20 0.13 74 33 2 2 2 8 3 <1 78 
20 0.25 92 52 2 3 2 8 3 <1 79 
20 0.5 99 61 2 3 3 5 2 <1 77 
20 1 98 59 2 3 3 5 4 <1 77 
20 2 99 54 3 4 3 5 5 1 75 
a Reaction conditions: FCA 10 mmol (1.12 g), catalyst 0.10 g, water 19 g, H2 1.5 MPa, 413 K, 4 h. 
b VA = 
valeric acid. c THFCA = tetrahydrofuran-2-carboxylic acid. d DVL = -valerolactone. e HVA = 
5-hydroxyvaleric acid. f OVA = 5-oxyvaleric acid. g C4s: mainly furan and butyric acid. 
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[%] VAb THFCAc DVLd HVAe OVAf C4sg Others 
20 0.1 >99 61 2 3 3 5 1 1 77 
4 0.5 >99 57 2 8 2 6 3 3 83 
2 1 >99 61 2 7 2 6 4 2 84 
1 2 96 56 3 4 4 3 3 1 79 
a Reaction conditions: FCA 10 mmol (1.12 g), catalyst 0.1-2 g (Pt 0.10 mmol), water 19 g, H2 1.5 MPa, 
413 K, 4 h. b VA = valeric acid. c THFCA = tetrahydrofuran-2-carboxylic acid. d DVL = -valerolactone. e 
HVA = 5-hydroxyvaleric acid. f OVA = 5-oxyvaleric acid. g C4s: mainly furan and butyric acid. 
 
Effect of reaction conditions was investigated. Table 2.7 shows the effect of hydrogen pressure. 
High hydrogen pressure decreased VA yield and increased the yield of 1,5-difunctionalized 
products (DVL + 5-HVA + 5-OVA). The yields of THFCA, CO2, and over reduction products 
such as 1-pentanol were almost unchanged. Lower hydrogen pressure is preferable to obtain 
good VA yield; however, as described in the later section of kinetic study, the initial reaction rate 
is rather increased with the increase of hydrogen pressure. Substrate concentration has little 
effect, and the details will be discussed as the kinetic study. The effect of reaction temperature is 
shown in Table 2.8. The yield of VA in the temperature range of 373-433 K is similar to that 
obtained at similar conversion level at 413 K (standard temperature). Too high reaction 
temperature can lead to overreaction of valeric acid to C4 compounds.  
 
Table 2.7. Effect of hydrogen pressure on hydrodeoxygenation of FCA over Pt-MoOx/TiO2. 





Yield (carbon based)  [%] C.B. 
[%] 
VA THFCA DVL 5-HVA 5-OVA CO2 Others 
1  1.5  97  51  4  5  7  9  3  1  83  
2  4  98  38  5  9  6  17  2  2 81  
3  8  99  32  5  9  5  18  2  3 75  
Reaction conditions: Pt-MoOx/TiO2 catalyst (4 wt% Pt, Mo/Pt = 0.25) 0.10 g, FCA 10 mmol, H2O 19 g, 
413 K, 4 h. VA: valeric acid; THFCA: tetrahydrofuran-2-carboxylic acid; DVL: δ-valerolactone; HVA: 
hydroxyvaleric acid; OVA: oxovaleric acid; Others: 1-pentanol, 1,5-pentanediol, alkanes, and furans; 




Table 2.8. Effect of reaction temperature on hydrodeoxygenation of 2-furancarboxylic acid 













[%] VAb THFCAc DVLd HVAe OVAf C4sg Others 
373 4 45 13 4 5 4 4 <1 <1 85 
393 4 80 30 5 7 5 8 <1 <1 75 
403 4 80 35 5 5 5 9 <1 <1 79 
413 4 97 51 4 5 7 9 3 <1 83 
433 4 >99 51 3 5 5 7 6 <1 77 
453 4 >99 49 3 3 4 4 10 1 74 
473 4 >99 42 2 2 2 1 23 2 74 
413 1 36 12 2 3 1 4 1 <1 88 
413 2 82 34 3 9 2 7 2 <1 76 
a Reaction conditions: FCA 10 mmol (1.12 g), catalyst 0.1 g, water 19 g, H2 1.5 MPa, 4 h. 
b VA = valeric 
acid. c THFCA = tetrahydrofuran-2-car2boxylic acid. d DVL = -valerolactone. e HVA = 5-hydroxyvaleric 
acid. f OVA = 5-oxyvaleric acid. g C4s: 7mainly furan, butane, butyric acid, and 1-BuOH. 
 
2.3.4. Characterization of Pt-MoOx/TiO2 (0.5 wt% Mo) catalysts 
Figure 2.4 shows the XRD patterns of Pt-MoOx/TiO2 (Mo 0.5 wt%) catalysts after reduction. 
The XRD peak of Pt(111) can be observed by subtracting the pattern of TiO2 support for Pt-rich 
(≥4 wt%) samples. The dispersion values calculated from the crystallite size of Pt are 
summarized in Table 2.9. The dispersion values of Pt/TiO2 were also determined and shown in 
Table 2.9. The dispersion was decreased (particle size was increased) with increase of Pt loading 
amount for both Pt/TiO2 and Pt-MoOx/TiO2. The dispersion was increased (particle size was 
decreased) by addition of Mo. These trends with respect to Pt loading amount and addition of 
Mo accord with general ones of transition-metal-modified noble metal catalysts [14]. The TEM 
images of Pt-MoOx/TiO2 (Pt 4 or 20 wt%, Mo 0.5 wt%) catalysts after reduction are shown in 
Fig. 2.5. The particle size of Pt in the TEM image fairly agreed with the XRD results. In Pt 20 
wt% catalyst, the Pt particles were densely present on the support surface. 
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Fig. 2.4. XRD patterns of TiO2 (a) and Pt-MoOx/TiO2 (Mo 0.5 wt%) after reduction in water at 
413 K (b-f). (b) Pt 1 wt%, (c) Pt 2 wt%, (d) Pt 4 wt%, (e) Pt 10 wt%, (f) Pt 20 wt%. 
 


















Fig. 2.5. TEM image and distribution of particle size of Pt-MoOx/TiO2 catalysts after reduction 
in water at 413 K. (a and b) Pt 4 wt%, Mo 0.5 wt% catalyst. (c and d) Pt 20 wt%, Mo 0.5 wt% 
catalyst. 
 
The Pt dispersion of Pt/TiO2 and Pt-MoOx/TiO2 was also measured by CO adsorption, and the 
results are also shown in Table 2.9. The dispersion values determined by CO adsorption was 
decreased by increase in Pt loading amount for both Pt/TiO2 and Pt-MoOx/TiO2, except in very 
low loading amount range, similarly to those determined by XRD. The dispersion determined by 
CO adsorption was also increased by addition of Mo to Pt/TiO2, also similarly to those 
determined by XRD. The dispersion ratio of Pt-MoOx/TiO2 to Pt/TiO2 was similar between XRD 
and CO adsorption. Generally, MoOx species do not adsorb CO, and thus dispersion of noble 
metal determined by CO adsorption is sometimes decreased by addition of Mo when the MoOx 
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covering of Pt metal surface with MoOx species was small. In other words, the MoOx species 
was mainly located on TiO2 support surface. The dependence of catalytic performance on 
loading amounts also supports the idea that the MoOx species was mainly located on TiO2: the 
activity became highest at Mo ~0.5 wt%, rather than at specific Mo/Pt ratio, regardless of Pt 
loading amount. The effect of TiO2 reduction to decrease the CO adsorption amount, known as 
SMSI (strong metal-support interaction), was ignored, because the reduction (reaction) 
temperature in our case is within the range where there is no SMSI effect in TiO2-supported 
catalysts (≤573 K) [19,20]. 
 
Table 2.9. Dispersion of Pt in Pt/TiO2 and Pt-MoOx/TiO2 (Mo 0.5 wt%) catalysts 
Pt loading amount 
[wt%] 






Pt/TiO2 catalysts    
1 -c -c 0.21 
2 -c -c 0.23 
4 4.4 0.25 0.17 
10 6.1 0.18 0.17 
20 6.9 0.16 0.11 
Pt-MoOx/TiO2 (Mo 0.5 
wt%) catalysts 
   
1 -c -c 0.44 
2 -c -c 0.49 
4 2.7 0.41 0.33 
10 4.1 0.27 0.21 
20 5.8 0.19 0.14 
a Reduced in water at 413 K. b Reduced in gas phase at 473 K. c XRD peaks for Pt were not observed. 
 
There are many reports on MoOx/TiO2 catalysts, because they are active in deNOx [21,22] and 
oxidation reactions [23-28]. The MoOx/TiO2 catalysts have been well characterized, although 
most reports characterized oxidized MoO3/TiO2. According to literature, Mo loading amount per 
support surface area of ~0.1 wt%/(m2/g) on TiO2 leads to monolayer coverage [23,29]. The 
loading amount in our case (0.5 wt% on 30 m2/g support) is much below the monolayer coverage 
on TiO2 support (~3 wt% on 30 m
2/g support). While tetrahedral monomeric structure has been 
proposed for Mo species in oxidized MoO3/TiO2 with low Mo loading amount [23,29,30], the 
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structure of Mo species in reduced MoOx/TiO2 with such low Mo loading amount has not been 
clarified in the literature. Giamello et al. reported that MoOx/TiO2 with 0.5 wt% Mo loading on 
80 m2/g anatase contains MoV species after evacuation at 423 K which was detected by ESR [22]. 
Shimizu et al. reported that Pt-MoOx/TiO2 catalyst with Pt and Mo loadings of 5 wt% and 7 wt%, 
respectively, on 50 m2/g P-25 TiO2 has mainly Mo
IV species which was detected by XPS after 
reduction with H2 at 673 K [31]. 
Although the coverage of Pt metal surface with MoOx species was small, the interaction of Pt 
and Mo species should be present in our Pt-MoOx/TiO2 (Mo 0.5 wt%) catalyst because physical 
mixture of Pt/TiO2 and MoOx/TiO2 showed very low activity (Table 2.1, entry 18). Here, the 
author carried out XAFS analysis of Pt-MoOx/TiO2 catalysts after reduction or reaction, since 
XAFS is a powerful tool to determine the structure around metal atoms in heterogeneous 
catalysts. Figure 2.6 shows the Mo K-edge XANES spectra of reduced Pt-MoOx/TiO2 catalysts 
(Mo 0.5 wt%) and the reference compounds. Figure 2.7 shows the Fourier transform of Mo 
K-edge EXAFS spectra, and the curve fitting results are summarized in Table 2.10. In the case of 
MoOx/TiO2 without Pt, the XANES spectrum was similar to that of MoO2. The Fourier 
transform of EXAFS spectrum had Mo-Mo bond with coordination number (CN) of 1 and 
distance of 0.257 nm, as well as Mo-O bond (Table 2.10, Entry 1). The Mo-Mo bond is similar to 
that in MoO2 crystal (Entry 9; CN of Mo-Mo = 1, distance = 0.251 nm). However, Mo-Mo shell 
with longer distance observed in MoO2 crystal was not present in the EXAFS of MoOx/TiO2. 
These data suggest that the structure of MoOx/TiO2 was amorphous, but not monomeric, MoO2 
on TiO2 support. The Mo K-edge XAFS data of Pt-MoOx/TiO2 were similar to that of 
MoOx/TiO2 when Pt loading amount was below 4 wt% (Table 2.10, Entries 1-3). At higher Pt 
loading amount, CN of both Mo-O and Mo-Mo bonds was decreased, and Mo-Pt bond appeared 
with bond length of 0.268 nm, which corresponds to direct Mo-Pt bond (Table 2.10, Entries 4-6). 
Assuming that Mo atom is located on flat Pt(111) surface, the CN of Mo-Pt bond should be 3. In 
fact, in the cases of Rh-MoOx/SiO2 [16,17,32,33], Pt-Mo/C [34,35], and Ir-MoOx/SiO2 catalysts 
[36], similar direct Mo-M bonds (M: noble metal) with CN of 2~3 were observed in EXAFS 
analysis and they were assigned to surface Mo species on noble metal particles. The CN of 
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Mo-Pt bond in Pt-MoOx/TiO2 (Pt 20 wt%) suggests that most Mo species interacted with Pt 
surface. Pt L3-edge XAFS measurement was also carried out. However, only Pt-Pt bond was 
detected from EXAFS analysis, and Pt-Mo bond could not be confirmed because of the high 
Pt/Mo ratio and low CN of Mo-Pt bond. 
 
Fig. 2.6. Mo K-edge XANES spectra of Pt-MoOx/TiO2 (Mo 0.5 wt%) catalysts reduced in water 
at 413 K and reference Mo compounds. (a) Mo foil, (b) MoO2, (c) MoO3, (d) Na2MoO4, (e) 
(NH4)6Mo7O24·4H2O, (f) MoOx/TiO2, (g) Pt-MoOx/TiO2 (Pt 1 wt%), (h) Pt-MoOx/TiO2 (Pt 2 
wt%), (i) Pt-MoOx/TiO2 (Pt 4 wt%), (j) Pt-MoOx/TiO2 (Pt 10 wt%), (k) Pt-MoOx/TiO2 (Pt 20 
wt%), (l) Pt-MoOx/TiO2 (Pt 4 wt%) after 4 h reaction, (m) Pt-MoOx/TiO2 (Pt 20 wt%) after 4 h 
reaction. 
 



























Fig. 2.7. Fourier-transfrom of k3-weighted Mo K-edge EXAFS oscillations. Samples and 
measurement conditions are the same as shown in Fig. 2.6. FT range: 30-140 nm-1. (a) Mo foil, 
(b) MoO2, (c) MoO3, (d) Na2MoO4, (e) (NH4)6Mo7O24·4H2O, (f) MoOx/TiO2, (g) Pt-MoOx/TiO2 
(Pt 1 wt%), (h) Pt-MoOx/TiO2 (Pt 2 wt%), (i) Pt-MoOx/TiO2 (Pt 4 wt%), (j) Pt-MoOx/TiO2 (Pt 10 
wt%), (k) Pt-MoOx/TiO2 (Pt 20 wt%), (l) Pt-MoOx/TiO2 (Pt 4 wt%) after 4 h reaction, (m) 
Pt-MoOx/TiO2 (Pt 20 wt%) after 4 h reaction. 
 
  





















Hydrogenolysis of 2-furancarboxylic acid over Pt-MoOx/TiO2 catalyst 
44 
Table 2.10. Curve fitting results for Mo K-edge EXAFS analysis of Pt-MoOx/TiO2 (Mo 0.5 wt%) 
catalysts after reduction. 


































































































































10 Na2MoO4 Mo-O 4 1.78 0.06 - - - 
a Coordination number. b Bond distance. c Debye-Waller factor. d Difference in the origin of photoelectron 
energy between the reference and the sample. e Residual factor. f Fourier filtering range. g Catalyst sample 
after reaction (reaction conditions were the same as those of Table 2.5). 
 
Based on the characterizations, the author proposed the structure of Pt-MoOx/TiO2 as shown in 
Fig. 2.8. Some of Mo species were located between Pt and TiO2 particles, and direct Pt-Mo bond 
was formed. At lower Pt loading, the rest of Mo species were present as amorphous MoO2 
species on TiO2 support. The catalytically active site can be the Pt-Mo interface site. This idea 
can be supported by the characterization results of used catalyst: The Mo K-edge EXAFS of used 
catalyst showed lower CN of Mo-Pt bond and higher CN of Mo-O and Mo-Mo bonds (Table 
2.10, Entries 7 and 8). As reported previously, the catalyst loses activity and selectivity to valeric 





Fig. 2.8. Model structure of Pt-MoOx/TiO2 catalysts after reduction. Oxygen atoms in Mo
IV 
species are omitted. 
 
2.3.5. Kinetics and reaction mechanism 
Figure 2.9 shows the effect of substrate concentration in FCA reduction over Pt-MoOx/TiO2 (4 
wt% Pt, 0.5 wt% Mo). Both conversion rate of FCA and formation rate of valeric acid have small 
dependence on the FCA concentration (reaction order < 0.3). It should be noted that the 
determination of conversion rates has relatively large error in comparison with formation rate of 
valeric acid, because the conversion was determined by the difference between large values 
(initial and detected FCA amounts). These reaction rates suggest that the adsorption of FCA on 
the catalytically active site was strong and almost saturated. 
 
 
Fig. 2.9. Effect of FCA concentration on the reaction rate over Pt-MoOx/TiO2 catalyst. Reaction 
conditions: FCA 1.12 g (10 mmol), water 9-39 g, Pt-MoOx/TiO2 (Pt 4 wt%, Mo 0.5 wt%) 0.05 g, 
H2 1.5 MPa, 413 K. Each rate was calculated by three or four data points (0, 0.5, 1 and 1.5 h).  
 
TiO2 support
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Figure 2.10 shows the effect of hydrogen pressure in FCA reduction over Pt-MoOx/TiO2 (4 
wt% Pt, 0.5 wt% Mo). The reaction orders of FCA conversion and valeric acid formation were 
positive and around 0.5. The reaction order of FCA conversion was slightly larger than that of 
valeric acid formation, indicating that too high hydrogen pressure is not favorable to obtain high 
valeric acid yield. These positive reaction orders indicate that hydrogen species was involved in 
the rate-determining step, whether directly (one of the reactants of rate-determining step is 
hydrogen species) or indirectly (hydrogen species is involved in pre-equilibrium reaction). 
 
 
Fig. 2.10. Effect of H2 pressure on the reaction rate over Pt-MoOx/TiO2 catalyst. Reaction conditions: 
FCA 1.12 g (10 mmol), water 19 g, Pt-MoOx/TiO2 (Pt 4 wt%, Mo 0.5 wt%) 0.05 g, H2 0.5-8 MPa, 413 K. 
Each rate was calculated by three data points (0.5, 1 and 1.5 h). 
 
Table 2.11 shows the effect of solvent. The tested solvents were water (standard), 1,4-dioxane, 
acetic acid and alcohols. Water gave by far the best yield of valeric acid from FCA (51%; entry 
1). The conversion level (activity) was also highest in water solvent. The ring-hydrogenated 
product, tetrahydrofuran-2-carboxylic acid, was more formed in less polar solvents such as 
1,4-dioxane (entry 2) and t-butyl alcohol (entry 5). On the other hand, among alcohol solvents 
(entries 3-5), the yield of valeric acid was decreased in the order of t-butyl alcohol (6%) > 
2-propanol (4%) > methanol (<1%), although the order of polarity is opposite. Acetic acid as 
solvent (entry 6) also gave very low yield of valeric acid (1%) in spite of the high polarity. For 
further investigation of solvent effects, the author tested solvents mixed with water. In water + 
1,4-dioxane mixed solvent (entry 7), both the conversion and valeric acid yield values were near 
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to the average values of those obtained in neat water solvent (entry 1) and in neat 1,4-dioxane 
solvent (entry 4). On the other hand, the valeric acid yields in water + methanol (entry 8) or 
water + acetic acid (entry 9) solvents were lower than the average values. These behaviors can be 
explained by the adsorption of methanol or acetic acid on the catalyst surface. Metal oxides 
including MoOx are well known to adsorb alcohols as alkoxide species, and the adsorption is 
stronger in the order of methanol > isopropyl alcohol > t-butyl alcohol [37-39]. The adsorption 
of methanol on MoOx species in Pt-MoOx/TiO2 catalyst can explain the decrease of valeric acid 
yield in the presence of methanol solvent. The effect of acetic acid can be also explained by the 
adsorption on the catalyst surface. Considering that FCA substrate has also a carboxyl group, 
competitive adsorption of acetic acid and FCA can decrease the reactivity of FCA in the presence 
of acetic acid solvent. 
 
Table 2.11. Effect of solvent in hydrodeoxygenation of FCA over Pt-MoOx/TiO2 (Pt 4 wt%, Mo 
0.5 wt%) catalysta 







[%] Esterb VAc THFCAd DVLe HVAf OVAg C4s
h 
Others 
1 Water 97 - 51 4 5 7 9 3 <1 83 
2 1,4-Dioxane 46 - 2 15 17 <1 <1 <1 <1 89 
3 Methanol 26 5 <1 0 (3i) <1 0 (6i) <1 <1 <1 88 
4 2-Propanol 41 0 4 4 (4i) 2 0 
(14i) 
<1 <1 <1 87 
5 t-Butyl 
alcohol 
48 0 6 9 12 1 <1 <1 2 81 
6 Acetic acid 32 - 1 7 13 <1 <1 <1 <1 89 
7 Water + 
1,4-dioxane 
75 - 34 4 5 3 4 1 <1 75 
8 Water + 
methanol 
77 3 8 
(11i) 
3 (3i) 2 1 
(11i) 
2 <1 <1 70 
9 Water + 
acetic acid 
46 - 14 5 3 7 1 <1 <1 83 
a Reaction conditions: FCA 10 mmol (1.12 g), Pt-MoOx/TiO2 (Pt 4 wt%, Mo 0.5 wt%) 0.1 g, solvent 19 g or 
9.5 + 9.5 g, H2 1.5 MPa, 413 K, 4 h. 
b Ester of FCA. Carbon atoms in alkoxy groups are not included in yields 
or carbon balance. c VA = valeric acid. d THFCA = tetrahydrofuran-2-carboxylic acid. e DVL = -valerolactone. 
f HVA = 5-hydroxyvaleric acid. g OVA = 5-oxyvaleric acid. h C4s: mainly furan and butyric acid. i Yield of 
ester. Carbon atoms in alkoxy group are not included in yield or carbon balance.  
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Table 2.12 shows the reaction results of compounds related to FCA. The reactivity of 
tetrahydrofuran-2-carboxylic acid and -valerolactone has been already tested in Table 2.2 and 
they do not give valeric acid by reduction over Pt-MoOx/TiO2. In order to check whether 
2-hydroxycarboxylic acid (2-hydroxyvaleric acid) is an intermediate of valeric acid formation, 
reaction of lactic acid (2-hydroxypropionic acid) was tested (Entry 2). The reactivity of lactic 
acid was much lower than that of FCA. The main products were 1,2-propanediol and 1-propanol, 
and the deoxygenated product (propionic acid) was hardly formed. Further considering that 
1-pentanol formation was negligible in FCA hydrodeoxygenation to valeric acid, 
2-hydroxycarboxylic acid is not an intermediate of valeric acid formation. As furan derivatives, 
3-furancarboxylic acid and furan were tested. The reactivity of 3-furancarboxylic acid was much 
lower than FCA (2-furancarboxylic acid), and a small amount of the deoxygenation product 
(2-methylbutyric acid) was formed (Entry 3). Simple hydrogenation of 3-furancarboxylic acid to 
tetrahydrofuran-3-carboxylic acid was also very slow. In the case of furan (Entry 4), the 
reactivity was high, and the main products were THF, 1-butanol and butane. These products are 
hydrogenation product, ring-opening product without deoxygenation, and deoxygenated product, 
respectively, and they correspond to tetrahydrofuran-2-carboxylic acid, -valerolactone (or 
5-hydroxyvaleric acid) and valeric acid in FCA reduction, respectively. Therefore, same 
reactions proceed for both substrates, furan and FCA, although the selectivity is different. The 
low carbon balance in the reaction of furan might be due to the low boiling point of furan (304 
K). Next, the reactions of 2,3-dihydrofuran and 2,5-dihydrofuran, which are possible 
intermediates in furan hydrodeoxygenation, were tested, since such dihydrofuran derivatives of 
FCA are not easily available (Entries 5 and 6). The main products were THF, 1-butanol and 
1,4-butanediol, and the selectivity patterns were similar from both dihydrofurans but different 
from that from furan. Butane, which corresponds to the target deoxygenated product, was hardly 
formed, suggesting that free dihydrofuran derivatives are not intermediates in furan ring 
deoxygenation. 1,4-Butanediol can be produced by hydration of 2,3-dihydrofuran and 
subsequent hydrogenation [40]. The negligible formation of 2,5-dihydroxyvaleric acid in FCA 
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reduction also suggests that FCA hydrodeoxygenation does not involve free dihydrofuran 
derivatives as intermediates. 
 
Table 2.12. Hydrodeoxygenation of related compounds of FCA over Pt-MoOx/TiO2 (Pt 4 wt%, 
Mo 0.5 wt%) catalysta 
Entry Substrate Conv. 
[%] 
Products (yield [%-C]) Carbon 
balance 
[%] 
1 FCA 97 Valeric acid (51), tetrahydrofuran-2-carboxylic 
acid (4), -valerolactone (5), 5-hydroxyvaleric 
acid (7), 5-oxyvaleric acid (9) 
83 





9 2-Methylbutyric acid (3), -valerolactone (3) 96 
4 Furan >99 1-Butanol (35), THF (15), Butane (9) 60 
5 2,3-Dihydrofuran >99 THF (47), 1-butanol (20), 1,4-butanediol (14) 80 
6 2,5-Dihydrofuran >99 THF (46), 1-butanol (24), 1,4-butanediol (14), 
butane (1) 
86 
a Reaction conditions: Substrate 10 mmol, Pt-MoOx/TiO2 (Pt 4 wt%, Mo 0.5 wt%) 0.1 g, water 19 g, H2 1.5 
MPa, 413 K, 4 h. 
 
Based on the overall data the author proposes a reaction mechanism as shown in Fig. 2.11, 
although there is still large uncertainty. The FCA molecule is adsorbed on the catalyst surface 
with the carboxyl group. The reaction starts with the addition of one hydrogen atom to the furan 
ring as a pre-equilibrium reaction step, considering the moderate reaction order with respect to 
H2 (~0.5) and the low reactivity of dihydrofurans toward hydrodeoxygenation. Considering that 
main by-products are 5-functionalized valeric acid derivatives, the C-O bond at 1,2-position of 
the furan ring can be first activated and dissociated. Therefore, the author thinks that the first 
hydrogen addition occurs at the carbon atom at 2-position. However, the hydrogen addition at 
2-position is not thermodynamically favorable: the addition breaks the conjugation between the 
furan ring and the carboxylate group. Rather, the carboxyl group directs the position of the 
hydrogen addition, i.e. the carbon atom which is bonded to the carboxyl group is attacked by 
hydrogen. This idea can explain the very different reactivity between 2- and 3-furancarboxylic 
acids: hydrogen addition to the 3-position of 3-furancarboxylic acid cannot activate the C-O 
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bond, and the addition itself is more difficult than that to the 2-position of FCA, leading to very 
low yield of both ring-opening and hydrogenation products.  
 
 
Fig. 2.11. Proposed reaction mechanism of FCA reduction over Pt-MoOx/TiO2 catalyst. 
 
The next step is the ring-opening of the 2-monohydrofuran intermediate, which is the 
rate-determining step. Considering the large increase of conversion rate by the presence of Mo in 
catalyst and polar water solvent, the author thinks that the ring-opening step involves Mo-O bond 
formation and charged surface species. The electron to charge the surface species should be 
supplied from the free electrons in Pt metal particle, and the consumed electron is replenished 
from H2 (1/2H2 → H
+ + e-). The C-O bond at 1,2-position of the furan ring is dissociated, and the 
surface 5-oxypentadienoic acid species is produced. Desorption of this species and successive 
hydrogenation produces 5-hydroxyvaleric acid and then -valerolactone, which are by-products 
of valeric acid formation. In order to avoid such side reactions, production of valeric acid 
requires dissociation of C-O bond at 5-position very quickly before desorption from the catalyst 
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surface. Here, the author think that MoIV works as reducing agent for the C-O dissociation, since 
the C-O bond is located distant from surface Pt atom which supplies active hydrogen species. 
The C-O dissociation requires 2 electrons, and the MoIV species is converted into MoVI=O 
species, which is re-transformed into MoIV species by reduction with H2 and Pt catalyst. 
Two-electron reduction of coordinated organic molecule by MoIV active center has been already 
known in the deoxydehydration reaction system where ReV-ReVII or MoIV-MoVI redox pairs 
reduces vicinal diols to alkenes with an external reducing agent: M(n-2)+ + R-CHOH-CHOH-R’ 
→ Mn+=O + R-CH=CH-R’ + H2O; M
n+=O + 2(H) →M(n-2)+ + H2O [41,42]. MoOx/TiO2 has been 
actually reported to have some activity in deoxydehydration [43,44] even with H2 as the reducing 
agent [44]. The specific performance of Mo addition in comparison with other group 5-7 metals 
can be explained by the role of additive as two-electron redox catalyst: when Re is added to Pt 
metal, the Re species are known to become low-valent species in reductive conditions [45]. Re 
species are only active in deoxydehydration when the valence is kept high [46]. In contrast, W 
and V species on TiO2 are difficult to reduce by two-electrons from the maximum valence even 
in the presence of noble metal [47-49]. 
The surface adsorbed organic species becomes pentadienoic acid by the reduction with MoIV, 
and the Pt-catalyzed hydrogenation gives final product valeric acid. The reduction step produces 
MoVI species. The re-transformation of MoVI species to MoIV as described above and adsorption 
of substrate (FCA) completes the catalytic cycle (it is not clear which proceeds earlier between 
Mo reduction and FCA adsorption). The involvement of MoVI species in the catalytic cycle 
agrees with the short catalyst life of Pt-MoOx/TiO2 catalyst. While reduced Mo
IV species can 
have direct bond to noble metal including Pt [14], the most oxidized MoVI species has weaker 
interaction with noble metal surface. In addition, the solubility of MoVI species to water solvent 
is higher than that of reduced Mo species. The weak interaction with noble metal and higher 
solubility of MoVI species can lead to gradual breakdown of Pt-Mo interface site, which 
decreases the activity and selectivity of bimetallic Pt-MoOx/TiO2 catalyst. Re-construction of 
Pt-Mo interface site is a key for regeneration of Pt-MoOx/TiO2 catalyst; possible regeneration 
methods include dissolution and re-deposition of Pt and/or MoOx species. 




The Pt-MoOx catalyst system is effective for hydrodeoxygenation of 2-furancarboxylic acid 
(FCA) to valeric acid (VA) in water solvent. The highest VA yield was 61% over Pt-MoOx/TiO2 
(Mo 0.5 wt%) under 1.5 MPa H2 at 413 K. High yield of valeric acid is only obtained with 
enough amount of catalyst; on the other hand, with enough amount of catalyst, the final yield of 
valeric acid (~60%) is similar over Pt-MoOx/TiO2 (Mo 0.5 wt%) catalysts with various Pt 
loading amounts. Adipic acid (21% yield) was obtained from 2,5-furandicarboxylic acid (FDCA) 
with this catalyst system. The activity of Pt-MoOx/TiO2 catalyst for 2-furancarboxylic acid 
(FCA) reduction to valeric acid depends on the loading amounts. The dependence of activity on 
the Mo amount is similar for catalysts with various Pt loading amount: the activity increases with 
increase in Mo amount up to around 0.5 wt%-Mo, and then the activity is almost unchanged or 
slightly decreased above 0.5 wt%-Mo. The catalyst is gradually deactivated, and both activity 
and selectivity are decreased. These activity trends and characterization results by XRD, CO 
adsorption and XAFS suggest that most Mo species are located on the surface of TiO2 support as 
sub-monolayer MoIV oxide. Some Mo species are located between TiO2 and Pt metal surfaces, 
and the Pt-Mo bimetallic site can be the catalytically active site. The amount of Pt-Mo bimetallic 
site is decreased during the reaction, which can be connected to the deactivation. Water solvent is 
by far the best solvent in the valeric acid production. Addition of methanol or acetic acid 
decreases the activity of Pt-MoOx/TiO2 catalyst, probably via covering of Mo site and Pt site, 
respectively. Based on the characterization results, kinetics (reaction order of 0.5 with respect to 
H2 pressure) and the reactivity of related substrates such as furan and dihydrofuran, the author 
propose a reaction mechanism involving the ring-opening at C-O bond at 1,2-position after 
addition of one hydrogen atom to the 2-position of the ring and the dissociation of the other C-O 
bond on MoIV center which works as a 2-electron reducing agent. The discovery of 
Pt-MoOx/TiO2 catalyst and the investigation of the reaction mechanism will contribute to the 
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Hydrogenolysis of 2-furancarboxylic acid over Pt/Al2O3 catalyst 
 
3.1. Introduction 
The previous chapter describes the reduction of 2-furancarboxylic acid (FCA) and 
2,5-furandicarxylic acid (FDCA) to valeric acid and adipic acid, respectively. Surely adipic acid 
is a very important compound in chemical industry, hydroxycarboxylic acids including 
5-hydroxyvaleric acid (5-HVA) which was detected in some reaction tests of FCA in Chapter 2 
can be also useful chemicals. As useful hydroxycarboxylic acids, γ-butyrolactone and 
γ-valerolactone can be synthesized by hydrogenation of succinic acid and levulinic acid, 
respectively, which are platform chemicals produced by fermentation and catalytic conversion of 
hexoses, respectively [1-6]. There is no study which aims for the conversion of FCA to 5-HVA 
[7]. An old report in 1949 mentioned the formation of DVL from FCA over Adams catalyst (Pt 
oxide) [8] however, detailed procedure and yield/selectivity values were not provided, and there 
was another old report describing that Adams catalyst produced tetrahydrofuran-2-carboxylic 
acid from FCA instead of 5-HVA derivatives [9]. Reported production methods of 5-HVA and its 
derivatives such as δ-valerolactone (DVL) include Baeyer-Villiger oxidation of cyclopentanone 
which is one of the reduction products of furfural [10-12], partial oxidation of 1,5-pentanediol 
which is also one of the reduction products of furfural [13-20], and reduction of glutaric acid 
[21]. Additionally, DVL is produced by dehydrogenation of 1,5-pentanediol which is produced 
by hydrogenation of glutaric acid in industry [22]. These production methods of 5-HVA 
derivatives from furfural involve oxidation of reduced functional group, requiring expensive 
oxidant or larger amount of H2 as reducing agent than the production via FCA (Fig. 3.1).The 
Pt-MoOx/TiO2 catalyst system described in Chapter 2 actually produces 5-HVA, 5-oxovaleric 
acid, and DVL from FCA although the yields were low (total yield <20%). These works did not 
aim at 5-HVA production but for valeric acid production, and thus catalyst and reaction 
conditions were not the best ones for the production of 5-HVA derivatives.  




Fig. 3.1. Production of 5-hydroxyvaleric acid derivatives from furfural or petroleum. 
 
As related reactions to FCA reduction to 5-HVA, there are several reports on furfural or 
furfuryl alcohol reduction to 1,2- or 1,5-pentanediol. The reported catalysts were Pt/hydrotalcite 
[23], Pt/CeO2 [24-26], Pt/Co2AlO4 [27], Ru/MnOx [28], Cu-Al2O3 [29], and Cu-Mg3AlO4.5 [30]; 
typically the combinations of Pt and base. In these systems, the furan ring in furfuryl alcohol 
(intermediate from furfural, or substrate itself) is opened before ring hydrogenation to 
tetrahydrofurfuryl alcohol. Tetrahydrofurfuryl alcohol is not an intermediate but a by-product of 
parallel reaction. However, the detailed mechanism of the furan ring opening has not been 
clarified yet. 
In this study, the author investigated the catalytic reaction for selective production of 5-HVA 
derivatives from FCA. Pt was mainly selected as the active metal because the previous Chapter 
and many of related literature studies also used Pt as the active metal. Simple Pt/Al2O3 catalyst 
gave good yield (>60%) of 5-HVA derivatives when the reaction conditions were appropriately 














































Pt-MoOx/TiO2 catalyst for FCA reduction to valeric acid in Chapter 2. 
 
3.2. Experimental section 
3.2.1. Catalyst preparation 
Pt/support catalysts (support = Al2O3, CeO2, ZrO2, SiO2, and TiO2) were prepared by 
impregnation method. Used supports were Al2O3 (γ-type, AEROXIDE Alu C, 100 m
2/g, 
AEROSIL, calcined at 973 K for 1 h), CeO2 (HS, 84 m
2/g, Daiichi Kigenso Kagaku Kogyo, 
calcined at 973 K for 1 h), ZrO2 (RC-100P, 100 m
2/g, Daiichi Kigenso Kagaku Kogyo, calcined 
at 973 K for 1 h), SiO2 (CARiACT G6, 475 m
2/g, Fuji Silysia, calcined at 973 K for 1 h), and 
TiO2 (AEROXIDE P25, 30 m
2/g, AEROSIL, calcined at 973 K for 1 h). The Pt precursor was 
H2PtCl6 aq (Pt 4.56 wt%; Sigma-Aldrich) except for Pt/SiO2 where Pt(NO2)2(NH3)2 solution in 
HNO3 (Tanaka Kikinzoku Kogyo) was used instead. The loading amount of the noble metal was 
4 wt%. After impregnation, the catalysts were dried at 383 K for overnight and then they were 
calcined at 773 K for 3 h under air. As another type of Pt/Al2O3 catalyst, Pt/Al2O3 catalyst with 
lower dispersion was also prepared by changing the calcination temperature to 873 K 
(Pt/Al2O3-sintered). The prepared Pt catalysts were used for catalytic runs as the calcined form 
because they can be easily reduced with H2. Commercial Pt/C, Rh/C, Ru/C, and Pd/C catalysts 
(loading amount of noble metals: 5 wt%) were purchased from Wako Pure Chemical Industries, 
Ltd. The characterization data (CO adsorption amount) of these commercial catalysts were 
described in the previous work of the author’s group [31]. 
 
3.2.2. Activity test 
Activity tests of various catalysts were carried out with a 190 ml stainless-steel autoclave. A 
glass vessel was inserted into the autoclave to avoid contamination from the autoclave. 
Substrates are commercially available and were used as received (2-furancarboxylic acid and 
3-furancarboxylic acid: Wako Pure Chemical Industries, Ltd; tetrahydrofuran-2-carboxylic acid, 
furan, 2,3-dihydrofuran, 2,5-dihydrofuran, and n-butyl vinyl ether: Tokyo Chemical Industry Co., 
Ltd.). Typically, catalyst (0.050 g), solvent (29 g), and substrate (10 mmol; 1.12 g in the case of 
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FCA) were loaded in the inserted glass vessel. The glass vessel was set to the autoclave with a 
spinner, and the reactor was purged by flushing three times with 1 MPa of H2. After that, 
autoclave was filled with 4 MPa hydrogen at room temperature. The autoclave was then heated 
to 373 K. The reaction time was defined as 0 h when the temperature of the reactor reached 373 
K. The heating to 373 K took about 20 min. The reaction mixture in the reactor was always 
magnetically stirred at 500 rpm. After scheduled reaction time, the autoclave was cooled to room 
temperature with a water bath. The gas was collected in a gas bag, and the reaction mixture was 
collected with washing solvent (methanol 15 g, Kanto Chemical Industries, Ltd.). After the 
catalyst was separated from the reaction mixture by filtration the reaction solution was analyzed 
by FID-GC (Shimadzu GC-2025) equipped with an HP-FFAP capillary column, and the gas was 
analyzed by FID-GC (Shimadzu GC-2014) equipped with a Porapak N packed column and 
methanator. GC-MS (QP-2010, Shimadzu) was also used for product identification. 
Conversion, yield, selectivity and carbon balance were calculated by the following equations. 
In almost all cases, the carbon balance values were significantly lower than 100% (typically 
70-90%). The phrase “derived from substrate” in the following equations means that the alkoxy 
group in the ester was excluded from the carbon amount. 
Conversion [%] = (1 −
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]
) × 100 
Yield  [%] =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶 𝑎𝑡𝑜𝑚𝑠 𝑑𝑒𝑟𝑖𝑣𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡   [𝑚𝑚𝑜𝑙]








∑(𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶 𝑎𝑡𝑜𝑚𝑠 𝑑𝑒𝑟𝑖𝑣𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑎𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 [𝑚𝑚𝑜𝑙])  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛  𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]
× 100 
As discussed in the Results and discussion section, the loss of carbon balance was regarded as 
the formation of undetected by-products. The loss of carbon balance (100% – carbon balance) is 
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connected to the sum of selectivities by the following equation. 
Loss of Carbon balance [%] = (Conversion [%])
100 − ∑(Selectivity [%])  
100
 
The used catalysts were recycled in two different recovery and treatment methods; (i) separation 
by centrifugation (6000 rpm, 5 min) under air, washing with methanol for three times, drying at 
383 K for overnight, and (ii) calcination in air at 573 K for 1 h after separation and washing. 
Multiple runs were carried out at the same time under the same conditions in order to collect 
sufficient amount of used catalyst. The loss of catalyst was compensated by reducing the number 
of runs. 
 
3.2.3. Catalyst characterization 
X-ray diffraction (XRD) patterns were recorded with MiniFlex600 (Rigaku) instrument under 
air after the samples were used or reduced in methanol under 5 MPa H2 at 373 K. Cu Kα (λ = 
0.154 nm, 45 kV, 40 mA) radiation was used as an X-ray source. The Pt particle size (d) of the 
catalysts was calculated by the Scherrer’s equation using the Pt (111) peak at around 40 °. The 
support signals overlapping with the Pt peak were removed by subtracting the XRD pattern of 
the support from the pattern of the sample. 
The amount of CO chemisorption was measured by a pulse adsorption method with BELCAT 
II (MicrotracBEL). The calcined catalyst (about 50 mg) was loaded to a sample tube, and 
pre-reduced with H2 at 373 K for 30 min. After reduction, the sample tube was purged with He at 
473 K for 30 min. The adsorption was performed after cooling to 308 K. Adsorption gas was 10 
vol.% CO/He and 0.888 cm3/pulse. Adsorption was measured until the difference of last three 
pulses after adsorption became lower than 1%. Field emission scanning transmission electron 
microscope (FE-STEM) images were obtained with a HD-2700 (Hitachi). The samples dispersed 
in methanol were dropped on Cu microgrids under air. Average Pt particle size (d) was calculated 
by the following equation: d = ∑(nidi
3)/ ∑(nidi
2) (di: size of each particle, ni: number of particles 
with size of di). TG-DTA was measured by Rigaku Thermo plus EVO II instrument. The sample 
amount was about 10 mg, and the sample was heated up to 1073 K at a rate of 10 K/min under 




3.3. Results and discussion 
3.3.1. Catalyst screening 
First, the author tested various supported noble metal catalysts in reduction of FCA with H2 in 
methanol solvent, and the results are shown in Table 3.1. Potential products of reduction of FCA 
in alcohol solvent are summarized in Fig. 3.2. Pt/Al2O3 catalyst gave good selectivity to methyl 
5-hydroxyvalerate (Me-5-HV), which is one of the target products (5-hydroxyvaleric acid 
(5-HVA) derivatives) (entry 1). At longer reaction time (entry 2), the total yield of target 
products (Me-5-HV, 5-HVA, and d-valerolactone (DVL)) reached 62% over Pt/Al2O3 catalyst. 
Main byproducts were ring-hydrogenation products, namely tetrahydrofuran-2-carboxylic acid 
(THFCA) and its methyl ester (MeTHFC). Other C-O hydrogenolysis products were hardly 
produced, such as methyl 2-hydroxyvalerate, 2-hydroxyvaleric acid, valeric acid (VA), methyl 
valerate, and the hydrogenation products of carboxyl group in C-O hydrogenolysis products such 
as 1,5-pentanediol and 1,2-pentanediol. Furthermore, the ester of substrate, methyl 
2-furancarboxylate, was also hardly observed in all entries. Entries 3-7 show the effect of support 
of Pt catalysts. All the tested monometallic Pt catalysts showed moderate selectivity to 5-HVA 
derivatives, indicating that Pt rather than support is the essential element for production of 
5-HVA derivatives. Among the Pt/support catalysts, Pt/Al2O3 showed relativity high activity and 
highest selectivity to target 5-HVA derivatives. The effect of supports of Pt/support catalysts was 
not strong in the production of 5-HVA derivatives from FCA, and this tendency was similar to 
the case of VA production over Pt-MoOx catalysts, although the best support was different (Al2O3 
in this case; TiO2 for Pt-MoOx catalysts for VA production in Chapter 2). The dispersion values 
determined by CO adsorption are also shown in Table 3.1. The XRD of Pt catalysts were 
measure, and the Pt crystallite size determined from the XRD pattern fairly agreed with the 
dispersion values in Table 3.1. Among Pt catalysts except Pt/Al2O3 and Pt/CeO2, the activity 
(conversion) fairly increased with increasing dispersion. Pt/Al2O3 catalyst showed higher activity 
than this trend, suggesting that Al2O3 has additional role in the catalysis such as adsorption of 
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substrate [32]. The author also tested sintered Pt/Al2O3 catalyst with lower dispersion by 
calcination at higher temperature during preparation (entry 8). In spite of the very low dispersion, 
the activity of sintered Pt/Al2O3 catalyst showed comparable activity to other Pt catalysts on inert 
supports such as Pt/C, indicating the higher activity of Pt on Al2O3 support. Other active metals 
(Rh, Ru, and Pd) were also tested as carbon-supported catalysts (entries 9-11). All these catalysts 
showed high selectivity to ring-hydrogenation products (THFCA and MeTHFC) and the 
selectivity to target products (5-HVA derivatives) was much lower than Pt catalysts. According to 
the literature results for FCA hydrogenation (Chapter 1), Rh, Pd, and Ru catalysts have been 
actually reported as active ones in ring-hydrogenation of FCA or its ester. The effect of Mo 
addition to Pt was investigated (entries 5 and 12) because in Chapter 2 Pt-MoOx/TiO2 catalyst is 
much more effective in FCA reduction to VA than Pt/TiO2 in view of both activity and selectivity. 
The Mo addition did not increase the selectivity to 5-HVA derivatives, and the activity was rather 
significantly decreased. Therefore, Mo addition has rather negative effect in the production of 
5-HVA derivatives. The different trends for Mo addition effect in FCA conversion between this 
study and Chapter 2 can be due to the difference of solvent (this study: methanol; previous work: 
water), as also discussed next. The difference of other reaction conditions was not large (this 
study: FCA concentration ~3 wt%, 4 MPa H2 at r.t., 373 K; Chapter 2: FCA concentration ~5 
wt%, 1.5 MPa H2 at 413 K, 413 K). 
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Table 3.1. Reduction of 2-furancarboxylic acid (FCA) over various catalysts in methanol solvent. 
Entry Catalyst Conv. 
/% 





5-HVA DVL MeTHFC THFCA Others 
1 Pt/Al2O3 91 51 <0.1 6 12 10 <1 82 0.29 
2a Pt/Al2O3 >99 55 <0.1 7 20 2 1 86 0.29 
3 Pt/ZrO2 58 46 <0.1 4 13 6 <1 84 0.42 
4 Pt/CeO2 91 37 <0.1 7 10 24 <1 80 -b 
5 Pt/TiO2 25 38 <0.1 5 8 8 3 90 0.22 
6 Pt/SiO2 34 34 <0.1 6 5 23 <1 90 0.30 
7c Pt/C 16 24 <0.1 6 5 25 1 94 0.15d 
8 Pt/Al2O3- 
sinterede 
17 32 <0.1 2 9 11 2 93 0.02 
9c Rh/C >99 6 <0.1 <1 26 60 <1 93 0.24d 
10c Ru/C >99 6 <0.1 <1 23 61 <1 92 0.35d 
11c Pd/C 93 <0.1 <0.1 <0.1 8 89 <1 97 0.08d 
12 Pt-MoOx/TiO2
f 
16 33 <0.1 2 10 11 3 93 0.33 
Reaction conditions: 4 wt% M, Wcat=0.050 g, WFCA=1.12 g, WMeOH=29 g, P(H2)=4 MPa at r.t., T=373 K, 
t=1 h. 
a: t= 4 h, b: Not measured because of the adsorption of CO on CeO2, c: Wcat= 0.040 g commercial M/C (5 
wt% M) catalyst, d: reported in ref. [31], e: catalyst calcined at 873 K to decrease Pt dispersion, f: Pt 4 
wt%, Mo 0.5 wt% catalyst (Chapter 2). 
Conv.: conversion, Sel.: selectivity, C.B.: carbon balance, FCA: 2-furancarboxylic acid, Me-5-HV: methyl 
5-hydroxyvalerate, 5-HVA: 5-hydroxyvaleric acid, DVL: d-valerolactone, MeTHFC: methyl 
tetrahydrofuran-2-carboxylate, THFCA: tetrahydrofuran-2-carboxylic acid, Others: methyl valerate, 
valeric acid, 1,5-pentanediol, methyl 2-hydroxyvalerate, 2-hydroxyvaleric acid, and methyl 
2-furancarboxylate. 
 
3.3.2. Effect of reaction conditions 
Table 3.2 shows the effect of solvent for selective hydrogenolysis of FCA to 5-HVA 
derivatives over Pt/Al2O3 catalyst. Generally, the effect of solvent in the total selectivity to 
5-HVA derivatives was not large. Nevertheless, among alcohol solvents (entries 1-5), the 
selectivity to 5-HVA derivatives decreased and that to ring-hydrogenation products increased 
with increase of carbon number or the change from primary alcohol to secondary or tertiary ones. 
The distribution in the target products was changed from ester-rich one to DVL-rich one with 
increase of carbon number of solvent or the change of solvent from primary alcohol. This trend 
on the ratio of target products to ring-hydrogenation can be connected to the polarity of solvent: 
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highly polar solvent tends to give higher selectivities to target products. In fact, ether solvents 
with low polarity showed relativity low selectivity to target products (~40%; entries 6 and 7), 
and acetic acid solvent showed good selectivity to target products, mainly as DVL (66%; entry 8). 
Small amount of 5-acetoxyvaleric acid (AVA) was also detected, which is the ester of acetic acid 
and 5-HVA. AVA can be also one of target products. However, the activity in acetic acid was 
significantly lower than that in methanol, probably because of the competitive adsorption of 
solvent and substrate molecules on the catalyst surface. Considering also the handling issue of 
acetic acid solvent, the author selected methanol solvent in the following studies. Water solvent 
showed different result from other solvents: in spite of the high polarity, the selectivity was 
rather similar to that in ether solvent, and water solvent is not suitable to 5-HVA derivatives 
production. The activity of Pt/Al2O3 catalyst in water solvent was rather high (activity order: 
Pt/Al2O3 in water (Table 3.2, entry 9) > Pt/Al2O3 in methanol (Table 3.1 or 3.2, entry 1) >> 
Pt/TiO2 in methanol (Table 3.1, entry 5) > Pt-MoOx/TiO2 in methanol (Table 3.1, entry 11)), 
which was in contrast to the reported low activity of Pt/TiO2 for FCA reduction in water solvent 
(activity order: Pt-MoOx/TiO2 in water >> Pt-MoOx/TiO2 in methanol > Pt/TiO2 in water) 
(Chapter 2). It is well known that γ-Al2O3 support is transformed into boehmite (AlOOH) in hot 
water solvent [33]. The different trends from other solvent or Pt/TiO2 catalyst may be due to the 





Table 3.2. Solvent effect on hydrogenolysis of FCA over Pt/Al2O3 (4 wt% Pt) catalyst. 
Entry Solvent Conv. 
/% 
Sel. /% C.B.  
/% R-5-HV 5-HVA DVL AVA RTHFC THFCA Others 
1 Methanol 91 51 <0.1 6 - 12 10 <1 82 
2 Ethanol 90 44 <1 13 - 3 19 <1 81 
3 1-Propanol 96 27 3 24 - 1 23 <1 80 
4 2-Propanol 97 4 5 42 - <1 27 <1 79 
5 tert-Butanol 81 <0.1 7 37 - <0.1 28 <1 77 
6 1,4-Dioxane 88 - 5 34 - - 35 <1 78 
7 THF 64 - 4 34 - - 34 <1 83 
8 Acetic acid 55 - <0.1 66 1 - 27 <1 97 
9 Water 99 - 4 33 - - 30 6 73 
Reaction conditions: Pt/Al2O3(4 wt% Pt), Wcat=0.050 g, WFCA=1.12 g, Wsolvent=29 g, P(H2)=4 MPa at r.t., 
T=373 K, t=1 h. 
Conv.: conversion, Sel.: selectivity, C.B.: carbon balance, <0.1: not detected, FCA: 2-furancarboxylic acid, 
R-5-HV: alkyl 5-hydroxyvalerate, 5-HVA: 5-hydroxyvaleric acid, DVL: d-valerolactone, AVA: 
5-acetoxyvaleric acid, RTHFC: alkyl tetrahydrofuran-2-carboxylate, THFCA: 
tetrahdyrofuran-2-carboxylic acid, Others: alkyl valerate, valeric acid, 1,5-pentanediol, alkyl 
2-hydroxyvalerate, 2-hydroxyvaleric acid, and alkyl 2-furancarboxylate. 
 
Figure 3.3 shows the effect of reaction temperature of FCA hydrogenolysis over Pt/Al2O3 
catalyst. From 343 K to 373 K, the conversion increased (30% → 91%) and the selectivity to 
5-HVA derivatives also increased (38% → 57%), while the selectivity to ring-hydrogenation 
products (THFCA and MeTHFC) were almost unchanged (~22%). Higher reaction temperature 
is better in this range (≤373 K). However, from 373 K to 393 K, the reaction results were almost 
unchanged, and above 393 K, the conversion as well as selectivity to 5-HVA derivatives was 
even decreased. The optimum reaction temperature of this reaction is about 373 K. The time 
courses of FCA hydrogenolysis at 373 K and 413 K are shown in Fig. 3.4. At 373 K, the 
conversion was increased from 91% at 1 h to >99% at 4 h, and the selectivity was hardly 
changed during in this period. This indicates that the reaction proceeded until the substrate 
(FCA) was completely consumed while the overreaction of 5-HVA derivatives is negligible at 
373 K. On the other hand, at 413 K, the reaction stopped at around 50% conversion level. This 
suggest that deactivation of catalyst occurred at higher reaction temperature. The TG-DTA 
profile (under air) of Pt/Al2O3 catalyst after reaction at 413 K for 4 h is shown in Fig. 3.5. 
Exothermic signal with weight loss of ca. 2% was observed at 470-590 K, which suggests the 
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deposition of organic material on the catalyst surface. Although the amount of deposit (weight 
loss in TG: ca. 1 mg/50 mgcat) was much lower than the loss of carbon balance (0.17 g) in the 
reaction, it is large enough to cover the surface (1 mg-C/ 50 mgcat = 0.08 mmol-C/0.01 mmol-Pt). 
The loss of carbon balance was probably mainly due to soluble polymeric byproducts. 
 
 
Fig. 3.3. Effect of reaction temperature on hydrogenolysis of FCA over Pt/Al2O3 catalyst. 
Reaction conditions: Pt/Al2O3 (4 wt% Pt), Wcat=0.050 g, WFCA=1.12 g, WMeOH=29 g, P(H2)=4 
MPa at r.t., t=1 h. 
Circle: conversion; triangle: carbon balance; red: methyl 5-hydroxyvalerate (Me-5-HV); green: 
d-valerolactone (DVL); dark blue: methyl tetrahydrofuran-2-carboxylate (MeTHFC); orange: 
tetrahydrofuran-2-carboxylic acid (THFCA); gray: others (methyl valerate, valeric acid, 



















































Fig. 3.4. Time-course of hydrogenolysis of FCA over Pt/Al2O3 (4 wt% Pt) catalyst at (I) 373 K 
and (II) 413 K. 
Reaction conditions: Pt/Al2O3 (4 wt% Pt), Wcat=0.050 g, WFCA=1.12 g, WMeOH=29 g, P(H2)=4 
MPa at r.t. Circle: conversion; triangle: carbon balance; closed circle: yield; red: methyl 
5-hydroxyvalerate (Me-5-HV); green: d-valerolactone (DVL); dark blue: methyl 
tetrahydrofuran-2-carboxylate (MeTHFC); orange: tetrahydrofuran-2-carboxylic acid (THFCA); 
gray: others (methyl valerate, valeric acid, 1,5-pentanediol, methyl 2-hydroxyvalerate, 
2-hydroxyvaleric acid, and methyl 2-furancarboxylate). 
 
 
Fig. 3.5. TG-DTA profile of Pt/Al2O3 catalyst after reaction at 413 K. 
Measurement conditions: 10 mg Pt/Al2O3 (4 wt%, after reaction and washing with methanol), 
under air, 308 K→1073 K, 10 K/min. Blue line: TG; red line: DTA (right y-axis). 
Reaction conditions: Pt/Al2O3 (4 wt% Pt), Wcat=0.050 g, WFCA=1.12 g, WMeOH=29 g, P(H2)=4 
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Figure 3.6 shows the effect of H2 pressure. Up to 4 MPa (at r.t.), the conversion and yield of 
5-HVA derivatives increased with increasing H2 pressure. However, the conversion decreased 
above 4 MPa. In order to check whether the decrease of conversion at high H2 pressure was due 
to the reaction rate itself or the catalyst deactivation, the author measured the initial reaction 
rates at different H2 pressure (at r.t.) with smaller catalyst amount (Fig. 3.7). The initial reaction 
rate actually decreased at higher H2 pressure than 4 MPa. This volcano-type curve of reaction 
rate versus H2 pressure can be explained by competitive adsorption of FCA and H2 on the same 
active site (Pt). There are other possibilities that caused this volcano-curve kinetics. One typical 
example is the change of catalyst structure by reduction of catalyst; however, it is unlikely that 
Pt/Al2O3 catalyst takes structure change by different H2 pressures because Al2O3 is not reducible 
and Pt is easily fully reduced to the metallic state with H2 under very mild conditions. 
 
 
Fig. 3.6. Effect of hydrogen pressure on hydrogenolysis of FCA over Pt/Al2O3 (4 wt% Pt) 
catalyst. 
Reaction conditions: Pt/Al2O3 (4 wt% Pt), Wcat=0.050 g, WFCA=1.12 g, WMeOH=29 g, T=373 K, 
t=1 h. Circle: conversion; triangle: C.B. (carbon balance); red: methyl 5-hydroxyvalerate 
(Me-5-HV); green: d-valerolactone (DVL); dark blue: methyl tetrahydrofuran-2-carboxylate 
(MeTHFC); orange: tetrahydrofuran-2-carboxylic acid (THFCA); gray: others (methyl valerate, 



















































Fig. 3.7. Dependence of initial reaction rate of FCA hydrogenolysis on H2 pressure. 
Circle: conversion rate; square: 5-HVA derivatives (methyl 5-hydroxyvalerate (Me-5-HV), 
5-hydroxyvaleric acid (5-HVA), and d-valerolactone (DVL)) production rate. 
Reaction conditions: Pt/Al2O3 (4 wt% Pt), Wcat=0.010 g, WFCA=1.12 g, WMeOH=29 g, T=373 K, 
t=0-1.5 h. 
 
Table 3.3 shows the effect of substrate concentration at the constant amount of FCA and 
different amount of solvent. The conversion slightly increased with increase of concentration 
(decrease of solvent amount), which agreed with the unsaturated adsorption of substrate on the 
catalyst surface by the presence of H2. However, the selectivity to 5-HVA derivatives (5-HVA 
and DVL) slightly decreased with increase of concentration. The author selected lower 























Hydrogenolysis of 2-furancarboxylic acid over Pt/Al2O3 catalyst 
72 
Table 3.3. Effect of FCA concentration (methanol solvent amount) on hydrogenolysis of FCA 





Sel. /% C.B. 
/% Me-5-HV 5-HVA DVL MeTHFC THFCA Others 
1 29 91 51 <0.1 6 12 10 <1 82 
2a 29 >99 55 <0.1 7 20 2 1 86 
3 19 95 54 <0.1 4 18 5 1 83 
4 9 >99 55 <0.1 3 18 5 1 84 
5 4 >99 53 <1 4 16 7 2 82 
Reaction conditions: Pt/Al2O3(4 wt% Pt), Wcatalyst=0.050 g, WFCA=1.12 g, P(H2)=4 MPa at r.t., T=373 K, 
t=1 h. a: t=4 h. 
Conv.: conversion, Sel.: selectivity, C.B.: carbon balance, FCA: 2-furancarboxylic acid, Me-5-HV: methyl 
5-hydroxyvalerate, 5-HVA: 5-hydroxyvaleric acid, DVL: d-valerolactone, MeTHFC: methyl 
tetrahydrofuran-2-carboxylate, THFCA: tetrahydrofuran-2-carboxylic acid, Others: methyl valerate, 
valeric acid, 1,5-pentanediol, methyl 2-hydroxyvalerate, 2-hydroxyvaleric acid, and methyl 
2-furancarboxylate. 
 
After all, the optimized conditions are methanol solvent, 373 K temperature, 4 MPa H2 (at r.t.), 
1.1 g FCA/ 29 g methanol, which are the same conditions for Table 3.1. The highest yield of 
5-HVA derivatives was 62% (Me-5-HV 55%, DVL 7%; Table 3.1, entry 2). 
 
3.3.3. Catalyst stability 
Reusability of Pt/Al2O3 was investigated. First, the used catalyst was collected by 
centrifugation and used for the next run without any treatment. The reaction results are shown in 
Table 3.4. In this case, the activity rapidly decreased during reuses (95% conversion in the first 
run → 29% conversion in the fourth run). Considering the rapid deactivation of Pt/Al2O3 in the 
reaction tests at higher temperature (Fig.s 3.3 and 3.4), the catalyst could be also gradually 
deactivated by deposition of organic material even at this reaction temperature (373 K). Second, 
another reusability test was carried out with regeneration for recovered catalyst: the recovered 
catalyst was calcined in air at 573 K for 1 h before the next run. The calcination temperature was 
selected on the basis of the TG-DTA profile of deactivated Pt/Al2O3 catalyst (Fig. 3.5; 
exothermic peak top temperature: 539 K). In this case (Table 3.5), the conversion was slightly 
decreased in the first reuse, and it was almost constant in the subsequent reuses (95% → 77% → 
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76% → 78%; yield of HVA derivatives: 57% → 38% → 36% → 37%). The XRD patterns of 
Pt/Al2O3 catalyst after reduction, after first run, and after 4
th run are shown in Fig. 3.8. The 
particle sizes of Pt were slightly increased during the first run (2.1 nm (b) → 2.5 nm (c); XRD), 
which can explain the conversion decrease of the second run after calcination. The particle size 
was not changed during 2-4th run when the recovered catalyst was directly used without 
calcination (Fig. 3.8 (a)), and it was very slightly increased during 2-4th run when reused after 
regeneration (Fig. 3.8 (e)). TEM images of Pt/Al2O3 catalysts after reduction and after reactions 
are shown in Fig. 3.9. The Pt particle size estimated from TEM images agreed well with that 
calculated from XRD: 2.4 nm after reduction, 2.9 nm after first run, and 3.1 nm after 4th run with 
regeneration. These changes of Pt particle size agreed with the change of activity (conversion) of 
used catalysts after regeneration (Table 3.5). The deactivation in the case without any treatment 
was not due to the change of Pt particle size, but probably to the deposition on the catalyst 
surface as described above. 
 
Table 3.4. Reusability test of Pt/Al2O3 without any treatment for hydrogenolysis of FCA. 
Entry Used time Conv. 
/% 
Sel. /% 
Me-5-HV 5-HVA DVL MeTHFC THFCA 
1 1st (fresh) 95 55 <0.1 5 17 5 
2 2nd 79 35 <0.1 13 12 13 
3 3rd 67 36 <0.1 13 9 15 
4 4th 29 29 <0.1 14 9 14 
(continued) 
Entry Used time Sel. /% C.B. /% 
MeV VA 1,5-PeD Me-2-HV MeFC Methane CO CO2 
1 1st (fresh) <0.1 <1 <0.1 1 <0.1 <1 <1 <1 84 
2 2nd <0.1 <1 <0.1 1 <1 <1 <1 <1 81 
3 3rd <0.1 <1 <0.1 <1 <1 <1 <1 <1 83 
4 4th <0.1 <1 <0.1 1 <1 <1 <1 <1 88 
Reaction conditions: Pt/Al2O3(4 wt% Pt), Wcat=0.050 g, WFCA=1.12 g, WMeOH=29 g, P(H2)=4 
MPa at r.t., T=373 K, t=2 h. 
Conv.: conversion; Sel.: selectivity; C.B.: carbon balance; FCA: 2-furancarboxylic acid; 
Me-5-HV: methyl 5-hydroxyvalerate; 5-HVA: 5-hydroxyvaleric acid; DVL: d-valerolactone; 
MeTHFC: methyl tetrahydrofuran-2-carboxylate; THFCA: tetrahydrofuran-2-carboxylic acid; 
MeV: methyl valerate; VA: valeric acid; 1,5-PeD: 1,5-pentanediol; Me-2-HV: methyl 
2-hydroxyvalerate; 2-HVA: 2-hydroxyvaleric acid; MeFC: methyl 2-furancarboxylate. 
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Table 3.5. Reusability test of Pt/Al2O3 with regeneration by calcination at 573 K for 
hydrogenolysis of FCA. 
Entry Used time Conv. 
/% 
Sel. /% 
Me-5-HV 5-HVA DVL MeTHFC THFCA 
1 1st (fresh) 95 55 <0.1 5 17 5 
2 2nd 77 41 <0.1 8 11 14 
3 3rd 76 38 <0.1 9 8 14 
4 4th 78 36 <0.1 11 7 16 
(continued) 
Entry Used time Sel. /% C.B. /% 
MeV VA 1,5-PeD Me-2-HV MeFC Methane CO CO2 
1 1st (fresh) <0.1 <1 <0.1 1 <0.1 <1 <1 <1 84 
2 2nd <0.1 <1 <0.1 1 <0.1 <1 <1 <1 80 
3 3rd <0.1 <1 <0.1 1 <0.1 <1 <1 <1 78 
4 4th <0.1 <1 <0.1 1 <0.1 <1 <1 <1 77 
Reaction conditions: Pt/Al2O3(4 wt% Pt), Wcat=0.050 g, WFCA=1.12 g, WMeOH=29 g, P(H2)=4 
MPa at r.t., T=373 K, t=2 h. 
Conv.: conversion; Sel.: selectivity; C.B.: carbon balance; FCA: 2-furancarboxylic acid; 
Me-5-HV: methyl 5-hydroxyvalerate; 5-HVA: 5-hydroxyvaleric acid; DVL: d-valerolactone; 
MeTHFC: methyl tetrahydrofuran-2-carboxylate; THFCA: tetrahydrofuran-2-carboxylic acid; 
MeV: methyl valerate; VA: valeric acid; 1,5-PeD: 1,5-pentanediol; Me-2-HV: methyl 
2-hydroxyvalerate; 2-HVA: 2-hydroxyvaleric acid; MeFC: methyl 2-furancarboxylate. 
 
 
Fig. 3.8. XRD patterns of Pt/Al2O3 catalysts. (I) Raw patterns，(II) Difference patterns． 
(a): γ-Al2O3 support without Pt, (b): After reduction with 4 MPa H2 (at r.t.) in methanol at 373 K, 
(c): After reaction, (d): After 4th use (without any treatment; Table 3.4), (e): After 4th use (with 
regeneration: calcination at 573 K for 1 h; Table 3.5). 
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Fig. 3.9. TEM images of Pt/Al2O3 catalyst (a) (d) after reduction with 4 MPa H2 (at r.t.) in 
methanol at 373 K, (b) (e) after reaction in standard reaction conditions, and (c) (f) after 4th use 
with regeneration by calcination at 573 K for 1 h. 
 
3.3.4. Reaction mechanism 
Table 3.6 shows the results of hydrogenolysis of various related substrates. In the case of 
THFCA as substrate (entry 2), no hydrogenolysis product was detected, and the main reaction is 
the esterification with methanol solvent. This indicates that THFCA is not an intermediate in the 
formation of 5-HVA derivatives from FCA on Pt/Al2O3. This also indicates that the ring-opening 
reaction can proceed before the total hydrogenation of furan ring to tetrahydrofuran ring. In the 
case of methyl 2-furancarboxylate (entry 3), the target products, 5-HVA derivatives, were 
obtained in similar yield (total 46%) to that in the case of FCA substrate (53%, entry 1). As 
shown in Fig. 2(I), the selectivity to methyl 2-furancarboxylate in the reaction of FCA was very 
low even at the initial stage. These behaviors indicate that the rate of esterification of FCA to 
methyl 2-furancarboxylate is much slower than the hydrogenolysis of FCA to 5-HVA derivatives. 
Therefore, the hydrogenolysis of methyl 2-furancarboxylate to 5-HVA derivatives does not 
involve hydrolysis of the methyl ester. The similar reactivity of FCA and methyl 
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hydrogenolysis of FCA to 5-HVA derivatives over Pt/Al2O3. However, the reactivity of methyl 
2-furancarboxylate was much lower in the case of Pt/CeO2 catalyst (entry 4: conversion = 22%) 
than that of FCA (Table 3.1, entry 4: conversion = 91%). CeO2 support is a basic material, and 
thus FCA is much more strongly adsorbed on CeO2 support at the carboxyl group than the 
methyl ester. These reaction results suggest that the adsorption of substrate on support actually 
increases the reactivity. In the case of Al2O3 support where 2-furancarboxylic acid and its ester 
have similar reactivity, the substrates are probably adsorbed with the carbonyl group on Al2O3. 
Considering that the reaction media is protic (alcohol solvent and carboxylic acid substrate) and 
not strictly anhydrous (water is actually produced by formation of ester or lactone), Al-OH site 
rather than Lewis acid site is present and can be the adsorption site for carbonyl group. The 
reactivity of 3-furancarboxylic acid (entry 5) was much lower than FCA, although the C-O 
hydrogenolysis products, 2-methyl-4-hydroxybutyric acid derivatives, were actually observed as 
the lactone form, 2-methyl--butyrolactone. This result indicates that the position of the carboxyl 
group in FCA is essential to the high reactivity. Entries 6-8 show the results of hydrogenolysis of 
furan or dihydrofuran. In the standard reaction conditions, furan or dihydrofuran was almost 
totally converted to THF which is the hydrogenation product (data not shown). This reaction was 
very fast and probably completed during heating to the reaction temperature (373 K). As shown 
in Fig. 3.3, selectivity to hydrogenolysis products can be improved at higher reaction 
temperature. Then, the author carried out reaction tests of furan and dihydrofuran by supplying 
H2 after heating the reaction solution to 373 K under Ar. In the case of furan (entry 5), 1-butanol 
(1-BuOH) which is the hydrogenolysis product was produced with moderate yield (41%), and 
THF was still obtained with 40% yield. The yield of 1-BuOH from 2,3- and 2,5-dihydrofurans 
(entries 7 and 8, respectively) was much lower than that from furan, suggesting that the C-O 
hydrogenolysis of furan mainly occurs before the partial hydrogenation to dihydrofurans. The 
main product from 2,3-dihydrofuran (entry 7) was the acetal (2-methoxytetrahydrofuran) 
produced by the addition of methanol. The high yield of acetal suggests that acetals are stable in 
these reaction conditions. Small amount of the C-O hydrogenolysis product (1-BuOH) was also 
observed. From 2,5-dihydrofuran, although the main product was THF, the C-O hydrogenolysis 
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product (1-BuOH) was formed in a significant amount. One explanation for the formation of 
1-BuOH from 2,5-dihydrofuran is that 2,3,5-trihydrofuran species which is formed by addition 
of one hydrogen atom to either dihydrofuran works as an intermediate. Another model molecule 
with an acyclic structure, n-butyl vinyl ether, was also tested. The vinyl oxy group can be 
regarded as a model structure of 1,2,3-positions of the furan ring. Similarly to the case of furan, 
hydrogenation of vinyl group was very fast at low temperature and the main product was n-butyl 
ethyl ether in the standard reaction conditions (data not shown). The author carried out the 
reaction test of n-butyl vinyl ether by supplying H2 after heating, similarly to the cases of furan 
and dihydrofurans. In this case (entry 9), the C-O hydrogenolysis product 1-BuOH was actually 
formed. However, the corresponding C2 fragment was hardly detected in both liquid and gas 
phases, suggesting that the fragment was polymerized over the catalyst surface. 
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Table 3.6. Hydrogenolysis of various substrates over Pt/Al2O3 catalyst. 
Entry Substrate Conv. 
/% 

































































































Reaction conditions: Pt/Al2O3(4 wt% Pt), Wcat=0.050 g, substrate=10 mmol, WMeOH=29 g, P(H2)=4 MPa 
at r.t., T=373 K, t=1 h. a: Pt/CeO2 ( 4 wt% Pt ) was used as catalyst. b: 1 MPa Ar + 3 MPa H2 (H2 was 
introduced at 373 K). 
Conv.: conversion, C.B.: carbon balance.  
 
Based on these data and the discussion in our previous papers for Pt-MoOx/TiO2 catalyst 
(Chapter 2), the author proposes the reaction mechanism of FCA hydrogenolysis to 5-HVA 
derivatives over Pt/Al2O3 catalyst (Fig. 3.10). The 1,2,3-position of furan ring (O-C=C) is the 
key structure. While the presence and position of carboxyl group (or methoxy carbonyl group) 





































































the adsorption is assisted by Al-OH site of the Al2O3 support. This adsorption mode is proposed 
based on the following reasons: both carboxyl (-COOH) and methoxy carbonyl (-COOMe) 
groups in the substrate similarly promote the hydrogenolysis reactions; Al2O3 support has 
positive effect on the activity although Pt catalysts on inert supports have also activity in the 
hydrogenolysis to some extent; too high H2 pressure decreases the reaction rate, which can be 
explained by the competitive adsorption of H2 and substrate on Pt surface. The reduction starts 
with addition of H atom to 2-position of furan ring (step (ii)). Although the addition breaks the 
conjugation between the furan ring and the carboxyl group, the carboxyl group directs the 
position of the addition of H atom (the carbon atom which is bonded to the carboxyl group is 
attacked by hydrogen). The “direction” effect of the carboxyl group has been proposed in our 
previous study of FCA reduction over Pt-MoOx/TiO2 catalyst.
54 The addition of hydrogen atom 
to 2-position of the furan ring of 3-furancarboxylic acid, which is the first step of the 
ring-opening of 3-furancarboxylic acid, is intrinsically much easier than that to any position of 
the furan ring of FCA. On the other hand, the actual reactivity of 3-furancarboxylic acid in both 
hydrogenation and ring-opening is much lower than FCA. The idea that the carbon atom which is 
bonded to the carboxyl group is attacked by hydrogen atom on Pt can explain the reactivity 
trends of FCA and 3-furancarboxylic acid. The consideration of “direction” effect is also a 
reason for the adsorption mode in Fig. 3.10 where the carboxyl group is interacted with Pt 
surface. Next, the C-O bond at 1,2-position is dissociated, and dienolate species is produced 
(step (iii)). Polar solvent can more stabilize the anionic dienolate species than aprotic solvents, 
and thus polar solvent might promote the formation of dienolate species (step (iii)). The 
dienolate species is then protonated (step (iv)), hydrogenated and desorbed (step (v)) to give 
5-HVA. The overall mechanism is similar to the case of Pt-MoOx/TiO2 catalyst in water solvent, 
especially from step (i) to step (iii). The most different point is the reaction of dienolate species 
formed in step (iii): while the dienolate species is simply protonated and hydrogenated over 
Pt/Al2O3 catalyst, over Pt-MoOx/TiO2 catalyst it is trapped by Mo
4+ site which works as 
2-electron reducing agent to further deoxygenate the dienolate species, giving diene species 
(pentadienoic acid) which is then hydrogenated to valeric acid. 




Fig. 3.10. Proposed reaction mechanism of the conversion of FCA to 5-HVA derivatives over Pt 
catalyst. 
 
The reaction mechanism may be also related to that of furfuryl alcohol hydrogenolysis to 1,2- 
or 1,5-pentanediols over Pt catalysts combined with basic supports [23-27]. Although there is no 
widely-accepted mechanism, Pt catalysts have been used for the hydrogenolysis of furfuryl 
alcohol and the C-O bonds in O-C=C groups in furfuryl alcohol are dissociated. The Pt-based 
systems used alcohol solvents, and the systems cannot open the ring of tetrahydrofurfuryl 
alcohol. These features are similar to our case of Pt catalysts for FCA hydrogenolysis to 5-HVA 
derivatives. The use of base in furfuryl alcohol hydrogenolysis can be explained by the necessity 
of suppression of acid-catalyzed polymerization of furfuryl alcohol [23,24], while in FCA 
hydrogenolysis similar acid-catalyzed polymerization does not occur and is not necessary to 
suppress. Further mechanistic studies on FCA hydrogenolysis and furfural/furfuryl alcohol 






2-Furancarboxylic acid (FCA) can be reduced with Pt catalysts and H2 to give 
5-hydroxyvaleric acid (5-HVA) and its derivatives (ester and d-valerolactone (DVL)). Solvent 
and support have limited effect on the catalysis; nevertheless, polar solvents such as methanol 
and Al2O3 support give better results. The highest yield of 5-HVA derivatives (55% methyl 
5-hydroxyvalerate and 7% DVL) is obtained in the conditions of methanol solvent, low substrate 
concentration (10 mmol/ 29 g methanol), 4 MPa (at r.t.) H2 and 373 K. The catalyst is 
deactivated during the reaction probably due to the deposition of organic material on the surface 
of Pt metal, especially at higher temperature. The catalyst can be regenerated by calcination. The 
reactions of various related substrates were carried out, and it was found that the O-C bond in 
O-C=C structure (1,2,3-position of the furan ring) is dissociated before C=C hydrogenation 
while the presence and position of the carboxyl group (or methoxy carbonyl group) much affect 
the reactivity. A similar mechanism to the case of Pt-MoOx/TiO2 catalyst for FCA reduction to 
valeric acid is proposed: The reduction starts with addition of H atom to 2-position of furan ring; 
The C-O bond at 1,2-position is dissociated, and dienolate species is produced; The dienolate 
species is then protonated, hydrogenated and desorbed to give 5-HVA. The presence or absence 
of Mo species on Pt surface changes the reaction route. In the presence of Mo (Chapter 2), the 
dienolate species is trapped by Mo which works as 2-electron reducing agent to further 
deoxygenate the dienolate species, while in the absence of Mo (in this case) the dienolate species 
is simply protonated and desorbed to give product with OH group. The proposed mechanism 
may be also related to that of the furfuryl alcohol hydrogenolysis to 1,2- or 1,5-pentanediols over 
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Hydrogenolysis of tetrahydrofuran-2-carboxylic acid 
 
4.1. Introduction 
As discussed in the previous chapters, 2-furancarboxylic acid can be converted to valeric acid 
or 5-hydroxyvaleric acid over Pt catalysts. These reactions involve ring-opening of furan ring 
before ring-hydrogenation, and the ring-hydrogenation product (tetrahydrofuran-2-carboxylic 
acid; THFCA) is almost always obtained as by-product. With noble metal catalysts except Pt, 
especially Pd [1], THFCA can be relatively easily obtained in good yield. Therefore, conversion 
of THFCA to useful chemicals is also meaningful in biomass refinery. Possible reduction products 
of THFCA are summarized in Fig. 4.1. 
 
 
Fig. 4.1. Potential reduction products of tetrahydrofuran-2-carboxylic acid (THFCA). 
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Reduction of carboxyl group of THFCA gives tetrahydrofurfuryl alcohol (THFA). THFA can be 
further reduced to 1,5-pentanediol (1,5-PeD), 1,2-pentanediol (1,2-PeD) and 2-
methyltetrahydrofuran via selective C-O hydrogenolysis. However, production of THFA or these 
THFA-derived compounds has been already intensively investigated using furfural as the reactant, 
and a number of systems with high selectivity to one of these compounds have been reported [2]. 
This is a similar situation to the reduction of FCA: the reduction of carboxyl group does not give 
attractive products. On the other hand, hydrogenolysis of C-O bond in the tetrahydrofuran ring 
gives 5-hydroxyvaleric acid (C-O hydrogenolysis at 2-position) or 2-hydroxyvaleric acid (C-O 
hydrogenolysis at 5-position). In particular, 5-hydroxyvaleric acid (5-HVA) is an attractive target 
because it is a ,-difunctionalized compound that might be used as a monomer of resin, similarly 
to the case for the selection of target products in the reduction of FCA (Chapter 3).  
Selective C-O hydrogenolysis of an -functionalized carboxylic acid at -position is a difficult 
reaction. Hydrogenolysis of THFCA to 5-HVA as the main target has not been investigated in the 
literature. As a related reaction, lactic acid deoxygenation to propanoic acid has been reported in 
a few papers. Xinli Li et al. reported hydrodeoxygenation of lactic acid to propanoic acid over iron 
oxide catalyst at very high temperature around 663 K with moderate yield (maximum 46.7%) [3]. 
The same group later reported deoxygenation of lactic acid to propanoic acid in H2-free conditions 
over molybdenum oxide catalyst at similar high temperature with ~60% yield [4]. 
In this research, selective hydrogenolysis of THFCA to 5-HVA and its derivatives was 
investigated with noble-metal-based catalysts at similarly low reaction temperature to the previous 
chapters. The hydrogenolysis of THFCA to 5-HVA or its derivatives includes the hydrogenolysis 
of C-O bond in tetrahydrofuran ring. It has been reported that Rh catalysts modified with ReOx 
and MoOx catalysts (Rh-ReOx and Rh-MoOx) are active and selective C-O hydrogenolysis of 
THFA to 1,5-pentanediol [5], where the catalyst structure and the reaction mechanism have been 
also proposed. The Rh-ReOx catalysts have the structure of Rh metal nanoparticles partially 
covered with two-dimensional ReOx clusters, and the Rh-MoOx clusters have the structure of Rh 
metal nanoparticles partially covered with isolated MoOx species [6]. The optimized ratio of Re 
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and Mo species on Rh nanoparticles with about 3 nm particle size was Mo/Rh=0.13 and Re/Rh=0.5, 
respectively. The different ratio can be due to the different structure of ReOx and MoOx species on 
the Rh metal surface. The catalytic active sites have been proposed to be the interface between the 
surface of Rh nanoparticles and oxide species such as ReOx and MoOx. In the kinetic analysis of 
the hydrogenolysis of THFA to 1,5-pentanediol over Rh-ReOx catalyst, the first reaction order with 
respect to H2 pressure and about zero reaction order with respect to the concentration of THFA in 
the aqueous solution were obtained [7]. At the same time, the reactivity of THFA over Rh-ReOx is 
much higher than that of tetrahydrofuran and 2-methyltetrahydrofuran, indicating that high 
reactivity of THFA can be caused by the presence of -CH2OH group. From the reactivity 
comparison among various substrates, highly reactive substrates have a common structure of -O-
C-CH2OH, where the dissociated C-O bond is underlined. As a result, the model of the reaction 
mechanism of the hydrogenolysis of THFA over Rh-ReOx has been proposed as follows. The -
CH2OH group in THFA can interact with ReOx species to give the alkoxide on ReOx. The H2 
molecule dissociates heterolytically at the interface of Rh metal surface and ReOx species to form 
proton and hydride. In particular, it is thought that hydride species adsorbed on Rh metal atom at 
the interface and it can attack the underlined carbon atom in -O-C-CH2O-Re species, which can 
be the SN2-like attack. This can dissociate the C-O bond to give the alkoxide of 1,5-pentanediol 
interacted with ReOx species, and the hydrolysis or the reaction with THFA produces free 1,5-
pentanediol. Similar reaction mechanism has been proposed in the glycerol hydrogenolysis over 
Ir-ReOx catalyst [8]. An important point is that this reactive hydride species can be formed at the 
interface between metal and metal oxide.  
One of the applications of the related metal catalysts modified with metal oxide species is the 
hydrogenation of carboxylic compounds. The Rh-MoOx catalysts are an effective catalyst for the 
hydrogenation of amino acids to corresponding amino alcohols [9]. The Ru-MoOx catalysts are an 
effective catalyst for the hydrogenation of lactic acid to 1,2-propanediol [10]. In both cases, the 
first reaction orders with respect to H2 pressure was obtained and this suggests that the active 
hydrogen species for the hydrogenation of carboxylic groups in the substrates can be hydride on 
Rh-MoOx and Ru-MoOx.  
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In the present chapter, the target reaction is the conversion of THFCA to 5-HVA or its derivatives, 
where the carboxylic groups should be maintained in the product. As mentioned above, the 
catalysts with high catalytic activity of ring-opening hydrogenolysis of THFA tend to show high 
catalytic activity in the hydrogenation of carboxylic groups. Therefore, it is important to develop 
the catalysts with high activity in the ring-opening C-O hydrogenolysis and low activity in the 
hydrogenation of carboxylic groups for the conversion of THFCA to 5-HVA or its derivatives. One 
of the strategies for the catalytic development is that the catalysts with high activity in the ring-
opening C-O hydrogenolysis, such as Rh-ReOx, Rh-MoOx, and Rh-WOx, can be evaluated in the 
reaction of THFCA. In particular, the catalytic performance and properties of Rh-WOx-based 
catalysts have not been investigated in detail, compared to Rh-ReOx and Rh-MoOx-based catalysts. 
The present study can give the direction of the catalyst design for the conversion of THFCA and 
so on.  
 
4.2. Experimental 
4.2.1. Catalyst preparation 
M-M’Ox/SiO2 (4 wt% M, M’/M=0.25, M=Rh, Pd, Pt, Ru, Ir, M’=none, Mo, Re, W) catalysts 
were prepared by the same sequential impregnation method to the previous reports [6,7]: SiO2 
(CARiACT G6, 475 m2/g, Fuji Silysia, calcined at 973 K for 1 h) was used for support, and the 
following metal precursors were used: RhCl3·3H2O (Wako Pure Chemical Industries, Ltd.), 
Pd(NO3)2 (NE chemcat Co., Ltd.), Pt(NO2)2(NH3)2 in nitric acid (Tanaka Kikinzoku Kogyo), 
Ru(NO)(NO3)3-x(OH)x (Sigma-Aldrich), H2IrCl6 in hydrochloric acid (Furuya Metals Co., Ltd), 
(NH4)10W12O40·xH2O (Sigma-Aldrich), (NH4)6Mo7O24·4H2O (Wako Pure Chemical Industries, 
Ltd.), and NH4ReO4 (Mitsuwa Chemicals Co., Ltd.). The catalysts after impregnation and drying 
were calcined at 773 K for 3 h under air. 
 
4.2.2. Activity tests 
Activity tests were performed in a 190 ml stainless-steel autoclave with an inserted glass vessel. 
Substrates are commercially available and were used as received (tetrahydrofuran-2-
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furancarboxylic acid: Tokyo Chemical Industry Co., Ltd.). In the cases except Ru and Ir-based 
catalysts, the catalyst, solvent, and substrate were loaded in the inserted glass vessel with a spinner. 
After sealing the reactor, the air content was purged by flushing three times with 1 MPa of 
hydrogen (Showa Denko K.K.). The autoclave was then heated to 413 K. When the temperature 
reached 413 K, the H2 pressure became 1.5 MPa, and then the pressure was set to the desired value 
when necessary. The heating took about 30 min, and the reaction time was counted after the 
heating. During the experiment, the stirring rate was fixed at 500 rpm (magnetic stirring). The 
catalysts were reduced during the heating. 
In the cases of Ru and Ir catalysts, the reaction temperature (413 K) may not be enough to totally 
reduce the active metal. Therefore, the catalyst and solvent without substrate were first loaded to 
the autoclave and they were heated at 473 K under 3 MPa H2 (2 MPa at r.t.) for 1 h to reduce the 
catalyst. After the reduction treatmene, the mixture was cooled, and the substrate was quickly 
added to the mixture under air at room temperature. The autoclave was purged with H2 and then 
heated to the reaction temperature (413 K) in a similar manner to the normal runs as described 
above. 
After an appropriate reaction time (0-8 h), the reactor was cooled and the gases were collected 
in a gas bag. The autoclave contents were washed with 1,4-dioxane (WAKO pure chemicals, Ltd.). 
The internal standard substance (2-methoxyethanol, 10 mmol) was added, and mixture was 
transformed to a vial. The catalyst was separated by filtration. The products in the liquid phase 
were analyzed by gas chromatograph (Shimadzu GC-2025 or GC-2014) equipped with flame 
ionization detector (FID) and an HP-FFAP capillary column, and those in the gas phase were 
analyzed by gas chromatograph equipped with FID and an Rtx-1 PONA capillary column or a 
porapak N packed column with methanator. 
Conversion, yield, and selectivity were calculated by the following equations. 
conversion [%] = (1 −
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]
) × 100  
yield  [%] =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 [𝑚𝑚𝑜𝑙]×𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙]×𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
× 100  
selectivity  [%] =  
𝑦𝑖𝑒𝑙𝑑 [%] 
𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 [%]
× 100  
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carbon balance [% ]
=  
∑(𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 [𝑚𝑚𝑜𝑙] × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑡ℎ𝑒  𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙] × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑎 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
× 100 
 
4.2.3. Catalyst characterization 
X-ray diffraction (XRD) patterns were recorded by a diffractometer (MiniFlex600; Rigaku). Cu 
Kα (λ = 0.154 nm, 45 kV, 40 mA) radiation was used as an X-ray source. The samples after the 
reaction or reduction were transferred to a sample holder (Rigaku Corporation) under air. The 
particle size (d) on the catalysts was calculated by the Scherrer’s equation using the (111) peak at 
around 41 °. 
The amount of CO chemisorption was measured with MicrotracBEL BELCAT II using a pulse 
adsorption method. The calcined catalyst (about 50 mg) was pre-reduced with H2 at 473 K for 30 
min. After reduction, the sample tube was purged with He for 30 min at 473 K. Subsequently the 
adsorption was performed at 308 K. Adsorption gas was 10 vol.% CO/He, and gas volume was 
0.888 cm3/pulse. Adsorption was measured until the difference of last three times became within 
1%.  
The XAFS spectra were measured at the BL14B2 station at SPring-8 with the approval of the 
Japan Synchrotron Radiation Research Institute (JASRI). Detectors (ion chambers) for I0 were 
filled with 100% N2 and 100% Ar for W L3-edge and Rh K-edge measurement, respectively. 
Detectors for I1 were filled with 70% N2 + 30% Ar and 70% Ar + 30% Kr for W L3-edge and Rh 
K-edge measurement, respectively. The catalyst sample after reduction or reaction was transferred 
to a UV/vis cell (UV-Cuvette micro 8.5 mm, BRAND GMBH + CO KG; optical path length: 10 
mm) in a glove bag filled with N2. The data for W L3-edge and Rh K-edge were collected in a 
transmission mode (edge jumps: 0.3-1.0) and a fluorescence mode with 19 solid state detector 
(edge jumps: 0.30-1.0), respectively. For extended X-ray absorption fine structure (EXAFS) 
analysis, the oscillation was first extracted from the raw spectrum using a spline smoothing method, 
and Fourier transformation of the k3-weighted oscillation was performed. The range of Fourier 
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transformation and that of filtering in inverse Fourier transformation for curve fitting are shown in 
each result. In the curve fitting, the curves and the empirical phase shifts for W-O and Rh-Rh 
bonds were determined from the data of Na2WO4 and Rh foil, respectively. Theoretical curves for 
the W-Rh and Rh-W bonds were calculated with FEFF 8.20 program. Analyses of EXAFS and X-
ray adsorption near edge spectra (XANES) data were performed using a computer program 
(REX2000, ver. 2.6.0; Rigaku Corp.). 
 
4.3. Results and discussion 
4.3.1. Catalytic performance in the reaction of THFCA 
SiO2 was used as support for catalysts because the modification effect of additive metal species 
occurs easily on this inert support, as discussed in Chapter 1. Table 4.1 lists the results of the 
catalyst survey in the reaction of THFCA over monometallic catalysts (M/SiO2, M=Rh, Pd, Pt, Ru, 
Ir) without and with the modification with M’Ox (M’=W, Re, Mo) at the fixed loading amount of 
M (4 wt%) and the fixed molar ratio (M’/M=0.25). Among monometallic catalysts (Entries 1, 5, 
9, 13, 17), Rh, Ru, and Ir catalysts gave the formation of DVL, however the activity was rather 
low. The addition of M’ to Rh/SiO2 increased significantly the conversion and the yield of DVL 
(+5-HVA). Considering the yield ratio of DVL (+ 5-HVA) to THFA+1,5-PeD+1-PeOH, which are 
the products by the reactions containing the hydrogenation of carboxylic group, the ratio of Rh-
WOx/SiO2 (Entry 2, 0.55) is clearly higher than Rh-ReOx/SiO2 (Entry 3, 0.20) and Rh-MoOx/SiO2 
(Entry 4, 0.34). At the same time, other combination such as Pt-WOx/SiO2 (Entry 10) and Pt-
MoOx/SiO2 (Entry 12) gave relatively high yield of DVL and the yield ratio of DVL (+ 5-HVA) to 
THFA+1,5-PeD+1-PeOH on Pt-WOx/SiO2 (Entry 10) and Pt-MoOx/SiO2 (Entry 12) was 0.28 and 
0.18, respectively, which were clearly lower than that on Rh-WOx/SiO2 (Entry 2, 0.55). Based on 
the comparison from the viewpoint of the yield of DVL (+ 5-HVA) and the yield ratio of DVL (+ 
5-HVA) to THFA+1,5-PeD+1-PeOH, we used Rh-WOx/SiO2 in the following studies.  
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Table 4.1. Hydrogenolysis of THFCA over various SiO2 supported catalysts 
Entry M M’ Conv. 
[%] 


















1 Rh None 8.6 0.3 <0.1 0.9 0.6 0.8 <0.1 <0.1 0.5 0.3 0.5 3.9 95.2 
2 Rh W 18.3 2.9 0.4 2.9 1.9 1.2 <0.1 <0.1 0.4 0.2 0.3 10.2 92.1 
3 Rh Re 18.5 2.5 <0.1 3.6 1.8 1.4 0.1 <0.1 0.7 0.6 0.4 11.1 92.5 
4 Rh Mo 24.4 3.5 <0.1 6.7 2.4 1.2 <0.1 <0.1 0.7 0.4 0.4 15.4 90.9 
5 Pd None 1.6 0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 0.4 0.6 98.9 
6 Pd W 0.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.3 0.3 100.7 
7 Pd Re 5.1 0.2 <0.1 1.7 0.3 <0.1 0.9 <0.1 0.1 <0.1 0.4 3.6 98.4 
8 Pd Mo 1.8 <0.1 <0.1 0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 0.6 98.8 
9 Pt None 1.0 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 0.4 99.5 
10 Pt W 11.8 1.3 <0.1 0.4 3.9 0.3 0.1 <0.1 <0.1 <0.1 0.4 6.4 94.5 
11 Pt Re 3.3 0.2 <0.1 0.2 0.4 0.1 <0.1 <0.1 <0.1 <0.1 0.4 1.3 97.9 
12 Pt Mo 26.2 1.7 <0.1 2.2 6.7 0.8 0.1 <0.1 0.4 0.1 0.4 12.3 85.7 
13 a Ru None 7.4 0.2 <0.1 1.4 0.1 0.1 <0.1 <0.1 0.1 0.3 0.4 2.7 95.3 
14 a Ru W 1.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.3 0.4 0.7 99.4 
15 a Ru Re 12.3 0.2 <0.1 4.9 0.5 0.9 <0.1 <0.1 0.5 1.1 0.3 8.4 95.7 
16 a Ru Mo 0.7 <0.1 <0.1 0.4 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.4 0.9 100.2 
17 a Ir None 3.4 0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.3 0.5 97.1 
18 a Ir W 0.8 0.1 <0.1 0.3 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.3 0.8 101.4 
19 a Ir Re 0.6 0.1 <0.1 0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.3 0.6 102.1 
20 a Ir Mo 0.7 0.1 <0.1 0.2 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.3 0.7 102.7 
Standard reaction conditions: THFCA 1.16 g, M-M'Ox/SiO2 (4 wt% M, M'/M=0.25) 0.10 g, H2O 19 g, T= 413 K, 
P(H2)=1.5 MPa, t= 4 h. a: Pre-reduced at 473 K for 1 h under 3 MPa H2 in H2O. 
THFCA: tetrahydrofuran-2-carboxylic acid, DVL: delta-valerolactone, HVA: hydroxyvaleric acid, THFA: 
tetrahydrofurfuryl alcohol, PeD: pentanediol, PeOH: pentanol, MeTHF: 2-methyltetrahydrofuran, VA: valeric acid, 
HCs: hydrocarbons. 
 
Table 4.2 lists the effect of W/Rh in Rh-WOx/SiO2 in the reaction of THFCA. The addition of 
W to Rh/SiO2 clearly enhanced the conversion and the yield of DVL (+ 5-HVA), which reached 
the maximum at W/Rh=0.25 (Entry 3). The decrease in the conversion and the yield of DVL (+ 5-
HVA) can be explained by the decrease of the number of the active site due to the covering of Rh 
metal surface with WOx species. An important point is that the yield ratio of DVL (+ 5-HVA)  to 
THFA+1,5-PeD+1-PeOH increased monotonously in the range of W/Rh from zero to 0.5, and it 
was also saturated at above 0.5. It is also demonstrated that the catalytic performance of Rh-
WOx/SiO2 (W/Rh=0.25) was higher than that of monometallic Rh/SiO2 (Entry 1) and WOx/SiO2 
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catalysts, suggesting that the synergy between Rh and WOx can be connected to the formation of 
DVL (+ 5-HVA). In order to make the relation between the synergetic effect and the distance of 
Rh-WOx, physical mixture of Rh/SiO2 + WOx/SiO2 was also evaluated (Table 4.3), where the 
loading amount of WOx in WOx/SiO2 was adjusted to the same amount of Rh-WOx/SiO2 
(W/Rh=0.25). The addition of WOx/SiO2 to Rh/SiO2 (Entry 4) also enhanced the conversion and 
the yield of DVL (+ 5-HVA) compared to those on Rh/SiO2 (Entry 2), however, the promoting 
effect of the direct addition of WOx to Rh/SiO2 (Rh-WOx/SiO2) was more remarkable than the case 
of physical mixture of Rh/SiO2 + WOx/SiO2. This behavior can be explained by the partially 
leaching of WOx species from WOx/SiO2 and re-deposition on Rh/SiO2. In particular, metal oxide 
species with higher oxidation state such as W6+ has higher solubility, and W species tends to be 
leached before the reduction. As a result, the direct addition of WOx to Rh/SiO2 is more suitable 
than that by physical mixture, and the distance between Rh metal particles and WOx species is 
important and the synergy is suggested to be caused by the direct interaction of WOx species with 
Rh metal surface.  
 
Table 4.2. Effect of W/Rh ratio on hydrogenolysis of THFCA over Rh-WOx/SiO2 catalysts 
Entry W/Rh ratio Conv. 
[%] 


















1 0 8.6 0.3 <0.1 0.9 0.6 0.8 <0.1 0.1 0.5 0.3 0.5 4.0 95.3 
2 0.06 14.9 1.2 0.4a 2.2 1.2 2.4 <0.1 0.1 0.7 0.9 0.4 9.5 94.5 
3 0.13 13.1 1.8 <0.1 2.2 0.8 1.5 <0.1 <0.1 0.4 0.5 0.3 7.5 94.3 
4 0.25 18.3 2.9 0.4 2.9 1.9 1.2 <0.1 <0.1 0.4 0.2 0.3 10.2 92.1 
5 0.5 9.3 2.1 <0.1 1.4 1.0 0.4 <0.1 <0.1 0.2 0.1 0.3 5.5 96.1 
6 1 11.5 2.0 <0.1 1.4 0.9 0.4 0.1 <0.1 0.2 0.3 0.3 5.6 94.2 
7 WOx/SiO2 0.0 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 0.4 100.8 
Standard reaction conditions: THFCA 1.16 g, Rh-WOx/SiO2 (4 wt% Rh) or WOx/SiO2 (1.8 wt% W) 0.10 g, H2O 19 
g, T= 413 K, P(H2)=1.5 MPa, t= 4 h. a Including 0.1% yield of 5-oxyvaleric acid. 
THFCA: tetrahydrofuran-2-carboxylic acid, DVL: delta-valerolactone, HVA: hydroxyvaleric acid, THFA: 
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Table 4.3. Comparison between bimetallic Rh-WOx/SiO2 catalyst and mixture of monometallic 
catalysts. 
Entry Catalysts Conv. 
[%] 




















18.3 2.9 0.4 2.9 1.9 1.2 <0.1 <0.1 0.4 0.2 0.3 10.2 92.1 
2 Rh/SiO2 8.6 0.3 <0.1 0.9 0.6 0.8 <0.1 0.1 0.5 0.3 0.5 4.0 95.3 
3 WOx/SiO2 0.0 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 0.4 100.8 
4 Rh/SiO2 + 
WOx/SiO2 
14.3 1.4 1.0a 2.4 1.6 1.4 <0.1 <0.1 0.3 0.4 0.5 9.0 94.7 
Standard reaction conditions: THFCA 1.16 g, catalyst (Rh 0 or 4 wt%, W 0 or 1.8 wt%; W/Rh = 0, 0.25 or ∞) 0.1 g 
or 0.1 g + 0.1 g, H2O 19 g, T= 413 K, P(H2)=1.5 MPa, t= 4 h. a Including 0.1% yield of 5-oxyvaleric acid. 
THFCA: tetrahydrofuran-2-carboxylic acid, DVL: delta-valerolactone, HVA: hydroxyvaleric acid, THFA: 
tetrahydrofurfuryl alcohol, PeD: pentanediol, PeOH: pentanol, MeTHF: 2-methyltetrahydrofuran, VA: valeric acid, 
HCs: hydrocarbons. 
 
Table 4.4 lists the effect of reaction temperature and time of the reaction of THFCA over Rh-
WOx/SiO2 (W/Rh=0.25). Lower reaction temperature is more favorable in terms of the yield ratio 
of DVL (+ 5-HVA) to THFA+1,5-PeD+1-PeOH, and the yield ratio decreased with increasing the 
conversion at each reaction temperature.  
 
Table 4.4. Effect of reaction temperature on hydrogenolysis of THFCA over Rh-WOx/SiO2 (4 
wt% Rh, W/Rh=0.25) catalyst 
Entry T [K] t [h] Conv. 
[%] 


















1 373 4 2.7 0.7 <0.1 0.6 0.4 0.1 <0.1 <0.1 <0.1 <0.1 0.3 2.1 99.5 
2 373 48 43.5 6.7 1.9 8.6 7.5 2.1 0.1 <0.1 0.3 0.1 0.3 27.6 84.2 
3 393 4 10.2 2.2 0.1 1.9 1.4 0.6 <0.1 <0.1 0.1 <0.1 <0.1 6.3 96.4 
4 393 48 58.2 7.5 1.9 10.9 8.8 4.2 0.3 0.2 0.9 0.6 0.3 35.6 77.8 
5 413 4 18.3 2.9 0.4 2.9 1.9 1.2 <0.1 <0.1 0.4 0.2 0.3 10.2 92.1 
6 413 48 61.8 6.9 1.9a 10.9 7.2 6.2 0.5 0.5 1.4 1.8 0.3 37.6 75.8 
7 433 4 18.7 2.7 0.4a 2.9 1.5 1.8 0.1 0.1 0.7 0.6 0.3 11.1 92.3 
8 433 48 66.1 5.6 1.2b 10.1 3.4 8.1 0.9 1.3 1.3 4.4 0.7 39.0 72.9 
Standard reaction conditions: THFCA 1.16 g, Rh-WOx/SiO2 (4 wt% M, W/Rh=0.25) 0.10 g, H2O 19 g, P(H2)=1.5 
MPa. a Including 0.1% yield of 5-oxyvaleric acid. b Including 0.2% yield of 5-oxyvaleric acid. 
THFCA: tetrahydrofuran-2-carboxylic acid, DVL: delta-valerolactone, HVA: hydroxyvaleric acid, THFA: 





  The reaction time dependence of the THFCA reaction over Rh-WOx/SiO2 (W/Rh=0.25) are 
shown in Table 4.5. The conversion and the yield of DVL (+ 5-HVA) increased monotonously with 
the reaction time. However, the selectivity to DVL (+ 5-HVA) was 18% at the initial stage, however, 
it was decreased a little to be 14% at 48 h. The yield ratio of DVL (+ 5-HVA) to THFA+1,5-PeD+1-
PeOH decreased gradually in the time range from 4 h to 48 h. In addition, the carbon balance 
decreased significantly at longer reaction time. The decrease of the selectivity to DVL (+ 5-HVA) 
and the carbon balance suggests that the consecutive reaction of DVL to the compounds connecting 
to low carbon balance. As a result, longer reaction time is not suitable in the reaction of THFCA 
over Rh-WOx/SiO2 (W/Rh=0.25).  
 
Table 4.5. Time-course of hydrogenolysis of THFCA over Rh-WOx/SiO2 (4 wt% Rh, 
W/Rh=0.25) catalyst at 413 K 
Entry t [h] Conv. 
[%] 


















1 0 0.0 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.2 0.2 102.2 
2 2 7.1 0.9 0.4 1.5 1.0 0.7 <0.1 <0.1 0.1 <0.1 0.3 4.9 97.7 
3 4 18.3 2.9 0.4 2.9 1.9 1.2 <0.1 <0.1 0.4 0.2 0.3 10.2 92.1 
4 24 44.1 5.5 1.4a 8.2 5.1 4.1 0.3 0.2 1.2 1.1 0.3 27.4 83.2 
5 48 61.8 6.9 1.9a 10.9 7.2 6.2 0.5 0.5 1.4 1.8 0.3 37.6 75.8 
Standard reaction conditions: THFCA 1.16 g, Rh-WOx/SiO2 (4 wt% M, W/Rh=0.25) 0.10 g, H2O 19 g, T= 413 K, 
P(H2)=1.5 MPa, T=413 K. a Including 0.1% yield of 5-oxyvaleric acid. 
THFCA: tetrahydrofuran-2-carboxylic acid, DVL: delta-valerolactone, HVA: hydroxyvaleric acid, THFA: 
tetrahydrofurfuryl alcohol, PeD: pentanediol, PeOH: pentanol, MeTHF: 2-methyltetrahydrofuran, VA: valeric acid, 
HCs: hydrocarbons. 
 
Table 4.6 lists the effect of H2 pressure on the reaction of THFCA over Rh-WOx/SiO2 
(W/Rh=0.25). The conversion increased with increasing H2 pressure almost proportionally. The 
comparison of the yield ratio of DVL (+ 5-HVA) to THFA+1,5-PeD+1-PeOH at similar conversion 
level (Entries 6 and 7) indicates that the yield ratio of DVL (+ 5-HVA) to THFA+1,5-PeD+1-PeOH 
is decreased under higher H2 pressure (0.36 to 0.28). The balance between the conversion rate and 
the yield ratio is thought to be satisfied at the medium H2 pressure range such as 1.5 MPa.  
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Table 4.6. Effect of reaction temperature on hydrogenolysis of THFCA over Rh-WOx/SiO2 (4 
wt% Rh, W/Rh=0.25) catalyst 
Entry P(H2) 
[MPa] 
t [h] Conv. 
[%] 


















1 0.5 4 7.7 0.8 <0.1 0.5 0.2 0.4 <0.1 <0.1 0.5 <0.1 0.7 3.1 95.4 
2 0.5 48 22.9 3.0 0.6a 2.6 1.0 1.7 0.1 0.2 0.8 1.5 0.4 11.9 89.1 
3 0.75 4 9.1 1.7 <0.1 1.1 0.7 0.7 <0.1 <0.1 0.6 0.1 0.2 5.1 95.8 
4 0.75 48 34.8 4.2 1.0a 5.1 2.4 3.0 0.2 0.3 1.1 2.2 0.4 19.9 85.2 
5 1.5 4 18.3 2.9 0.4 2.9 1.9 1.2 <0.1 <0.1 0.4 0.2 0.3 10.2 92.1 
6 1.5 48 61.8 6.9 1.9b 10.9 7.2 6.2 0.5 0.5 1.4 1.8 0.3 37.6 75.8 
7 4 4 55.4 6.1 1.3 12.1 9.5 5.2 0.3 0.1 0.8 0.5 0.3 36.2 80.8 
Standard reaction conditions: THFCA 1.16 g, Rh-WOx/SiO2 (4 wt% M, W/Rh=0.25) 0.10 g, H2O 19 g, P(H2)=0-4 
MPa, T=413 K, t=4 or 48 h. a Including 0.2% yield of 5-oxyvaleric acid. b Including 0.1% yield of 5-oxyvaleric acid. 
THFCA: tetrahydrofuran-2-carboxylic acid, DVL: delta-valerolactone, HVA: hydroxyvaleric acid, THFA: 
tetrahydrofurfuryl alcohol, PeD: pentanediol, PeOH: pentanol, MeTHF: 2-methyltetrahydrofuran, VA: valeric acid, 
HCs: hydrocarbons. 
 
  Table 4.7 lists the effect of THFCA concentration of the aqueous solution on the reaction of 
THFCA over Rh-WOx/SiO2 (W/Rh=0.25). Here, the concentration of THFCA was adjusted by 
changing the amount of THFCA and H2O. The conversion amount of THFCA (THFCA amount / 
mmol × conversion / %) was in the range of 1.17 to 2.33 mmol and the effect of the concentration 
is not strong. At the same time, the formation amount of DVL (+ 5-HVA) was also in the range of 
0.16 to 0.33 mmol and the effect of the concentration is also not strong. From these results, the 
reaction and formation rates are not influenced so strongly by the concentration of THFCA, 
suggesting the almost zero reaction orders with respect to the concentration of THFCA in the target 
and side reactions of THFCA. This may be explained by the strong interaction of THFCA with the 





Table 4.7. Effect of THFCA concentration on hydrogenolysis of THFCA over Rh-WOx/SiO2 (4 

























1 0.31 19 43.9 8.1 <0.1 5.3 3.2 2.3 <0.1 <0.1 0.4 0.2 0.3 19.8 75.9 
2 0.59 19 26.1 5.3 <0.1 3.7 2.3 1.5 <0.1 <0.1 0.5 0.1 0.3 13.7 87.8 
3 1.16 19 18.3 2.9 0.4 2.9 1.9 1.2 <0.1 <0.1 0.4 0.2 0.3 10.2 92.1 
4 1.16 9 23.3 2.1 1.2 3.7 2.5 1.7 0.1 0.1 0.4 0.4 <0.1 12.2 89.3 
5 1.16 1 20.4 2.1 <0.1 2.2 0.1 0.5 0.2 0.1 0.3 0.1 4.1 9.7 89.2 
6 1.16 0 19.7 1.6 <0.1 0.3 <0.1 <0.1 0.6 0.1 0.3 0.1 8.3 11.3 92.00 
Standard reaction conditions: THFCA 0.31-1.16 g, H2O 0-19 g (THFCA 1.6-100 wt%), Rh-WOx/SiO2 (4 wt% M, 
W/Rh=0.25) 0.10 g, P(H2)=1.5 MPa, T=413 K, t=4 h.  
THFCA: tetrahydrofuran-2-carboxylic acid, DVL: delta-valerolactone, HVA: hydroxyvaleric acid, THFA: 
tetrahydrofurfuryl alcohol, PeD: pentanediol, PeOH: pentanol, MeTHF: 2-methyltetrahydrofuran, VA: valeric acid, 
HCs: hydrocarbons. 
 
  Table 4.8 lists the results of the reaction of THFCA and the related substrates over Rh-WOx/SiO2 
(W/Rh=0.25). In the reaction of THFCA using methanol as a solvent (Entry 2), the main reaction 
became esterification, and the hydrogenolysis of C-O bond and hydrogenation of carboxylic group 
were suppressed. In the reaction of THFA over Rh-WOx/SiO2 (W/Rh=0.25), the selectivity to 1,5-
pentanediol as a product by C-O hydrogenolysis is not high, compared to that over Rh-ReOx/SiO2 
and Rh-MoOx/SiO2 [6]. The reactivity of THFA is comparable to that of THFCA judging from the 
conversion of the substrates (Entry 3). According to the studies on the reaction mechanism of 
THFA hydrogenolysis on Rh-ReOx/SiO2, the strong interaction between THFA and Rh-ReOx/SiO2 
to give the alkoxide of Re species has been suggested by almost zero reaction order with respect 
to the concentration of THFA. The strong interaction between THFA and Rh-WOx/SiO2 is also 
suggested and connected to high reactivity of THFA. The reactivity of tetrahydrofuran over Rh-
WOx/SiO2 (W/Rh=0.25) was much lower (Entry 4), and the similar tendency was also observed in 
the case of Rh-ReOx/SiO2, which indicates that high reactivity of THFA is caused by the strong 
interaction between -CH2OH group and ReOx or WOx. In the reaction of DVL, the conversion was 
clearly higher than that of THFCA (Entry 5), which can explain the relatively low yield of DVL in 
the reaction of THFCA. An important point is that the carbon balance of this test was very low 
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(Entry 5, only 55%), and the main reaction of DVL can give the products which can not be detected 
by GC. One possible candidate of the reaction of DVL is the ring-opening polymerization. The 
similarly low carbon balance in the reaction of THFCA at longer reaction time (Table 4.5) is also 
interpreted by the consecutive ring-opening polymerization. 2-Methoxyacetic acid has similar 
partial structure of THFCA, and the reaction of 2-methoxyacetic acid was also tested (Entry 6). 
The reactivity of 2-methoxyacetic acid is much lower than that of THFCA. The yield ratio of the 
carboxylic compounds (acetic acid) to the hydrogenated compounds (2-methoxyethanol and 
ethanol) is a little lower than the case of THFCA, although the reactivity of acetic acid is a little 
lower than that of 2-methoxyethanol (Entry 7).  
 
Table 4.8. Hydrogenolysis of various substrate over Rh-WOx/SiO2 (4 wt% Rh, W/Rh=0.25). 
Substrate Conv. 
[%] 
















































































  99.5 
Standard reaction conditions: substrate 10 mmol, Rh-WOx/SiO2(4 wt% Rh, W/Rh=0.25) 0.10 g, H2O 19 g, T= 413 K, 









































4.3.2. Characterization of Rh-WOx/SiO2 
  Figure 4.1 shows the temperature programmed reduction (TPR) with H2 of Rh-WOx/SiO2 with 
various W/Rh ratios. The most H2 consumption on Rh/SiO2 and Rh-WOx/SiO2 was observed in 
the temperature range of 300 K to 423 K. Considering the pressure difference between the TPR 
experiments and the reaction test (1.5 MPa), it is thought that the reaction of THFCA proceeds on 
the reduced Rh-WOx/SiO2 catalysts at the reaction temperature of 413 K. Next, Figure 4.2 shows 
XRD patterns of Rh-WOx/SiO2 catalysts reduced in water at 413 K and after the reaction. The 
particle size of Rh metal on Rh/SiO2 and Rh-WOx/SiO2 was determined to be about 3 nm (2.9 to 
3.3 nm), which is also shown in Fig. 4.3. The additive effect of WOx on Rh metal particle size is 
not strong. At the same time, the CO adsorption amount was measured on Rh/SiO2 and Rh-
WOx/SiO2, and the results are plotted as a function of W/Rh ratio (Fig. 4.3). The amount of CO 
adsorption on Rh-WOx/SiO2 decreased with increasing the additive amount of WOx. The 
dispersion can be also estimated from the XRD patterns and plotted (Fig. 4.3). The dispersion from 
the CO adsorption was clearly lower than that from the XRD patterns, and the dispersion difference 
increased with increasing the molar ratio of W/Rh. This behavior was also observed in the case of 
Rh-ReOx and Rh-MoOx catalysts [6]. This is interpreted by the partial covering of the surface of 
Rh metal particles with WOx species. Based on these results, in order to analyze the oxidation state 
of WOx and the interaction between WOx and Rh metal surface, the X-ray absorption spectra of 
Rh-WOx/SiO2 were obtained. Figure 4.4 shows W L3-edge X-ray absorption near edge structure 
(XANES) of Rh-WOx/SiO2 and the edge energy shift. The oxidation state of W species on Rh-
WOx/SiO2 after the reduction treatment was determined to be in the range of +1.3 to +2.4, 
indicating that W species are partially reduced from W6+ (Fig. 4.5). The oxidation state of W 
species on Rh-WOx/SiO2 after the reaction was determined to be +2.1. The oxidation state is 
maintained during the reaction. Figure 4.6 shows the extended X-ray absorption fine structure 
(EXAFS) and Table 4.9 lists the results of the curve fitting analysis. In all the Rh-WOx/SiO2 
catalysts after the reduction and the reaction, the contribution of W-O and W-Rh bonds was 
assigned. The bond length of W-O is clearly shorter than that of W=O in the Na2WO4, indicating 
the presence of W-O single bond. The coordination number of the W-O bond corresponds to the 
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oxidation state of W determined from XANES (Fig. 4.5). An important point is that the 
contribution of W-Rh bond. The bond length of W-Rh bond is a little shorter than that of Rh-Rh in 
Rh metal (0.268 nm), indicating the direct bond between W and Rh without the presence of oxide 
ions. Similar structures have been reported on Rh-ReOx/SiO2 and Rh-MoOx/SiO2 [6]. In the case 
of Rh-WOx/SiO2 catalysts, the contribution of W-W bond was not detected in the EXAFS analysis, 
suggesting that monomeric W oxide species on Rh metal surface. The coordination number of W-
Rh (about 3 to 4) also suggests that the W species can be located at three-fold hollow site on Rh 
(111) or four-fold hollow site on Rh (100).  
 
 
Fig. 4.1. H2-TPR profiles of reduced Rh-WOx/SiO2 (4 wt% Rh) catalysts.  
Reduction conditions: under 5%H2/Ar 30 ml/min, from 293 K to 1123 K，10 K/min. 
 
  

































Fig. 4.2. XRD patterns of Rh-WOx/SiO2 (4 wt% Rh) catalysts reduced in water at 413 K. 
(a) Rh/SiO2, (b) Rh-WOx/SiO2 (W/Rh=0.06), (c) Rh-WOx/SiO2 (W/Rh=0.13), (d) Rh-WOx/SiO2 
(W/Rh=0.25), (e) Rh-WOx/SiO2 (W/Rh=0.5), (f) Rh-WOx/SiO2 (W/Rh=0.25) after 4 h reaction. 
 
 
Fig. 4.3. Rh dispersions of Rh-WOx/SiO2 catalysts in XRD (reduced in water) and CO adsorption 
(reduced in gas phase, at 473 K for 30 min). 
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Fig. 4.4. W L3-edge XANES spectra of Rh-WOx/SiO2 (4 wt% Rh) catalysts reduced in water at 
413 K and reference W compounds. 
(a) W foil, (b) WO2, (c) WO3, (d) Na2WO4, (e) Rh-WOx/SiO2 (W/Rh=0.13), (f) Rh-WOx/SiO2 
(W/Rh=0.25), (g) Rh-WOx/SiO2 (W/Rh=0.5), (h) Rh-WOx/SiO2 (W/Rh=0.25) after 4 h reaction. 
 
  
Fig. 4.5. W L3-edge white-line intensity of Rh-WOx/SiO2 (4 wt% Rh) catalysts reduced in water 
at 413 K, after 4 h reaction and reference W compounds. 
 
  















































Fig. 4.6.  W L3-edge spectra of of  Rh-WOx/SiO2 (4 wt% Rh) catalysts reduced in water at 413 
K and reference W compounds. Left: k3-weighted EXAFS oscillations, right: Fourier transform. 
FT range: 30-130 nm-1. 
(a) W foil, (b) WO2, (c) WO3, (d) Na2WO4, (e) Rh-WOx/SiO2 (W/Rh=0.13), (f) Rh-WOx/SiO2 
(W/Rh=0.25), (g) Rh-WOx/SiO2 (W/Rh=0.5), (h) Rh-WOx/SiO2 (W/Rh=0.25) after 4 h reaction. 
 
Table 4.9. Curve fitting results of W L3-edge EXAFS of Rh-WOx/SiO2 (4 wt% Rh) catalysts. 
Sample Valence Shells CNa R /10-1 nmb σ /10-1 nmc ΔE0 / eVd Rf /%e FF range /nmf 
FEFF - W-W - 2.78 - - -  
Na2WO4 4.0 W=O 4 1.74 0.060 0.00 -  
FEFF - W-Rh - 2.71 - - -  
W/Rh=0.13 1.3 W-O 1.5 1.99 0.100 -10.00 0.97 0.181-0.288 
  W-Rh 5.8 2.64 0.090 9.72   
W/Rh=0.25 2.1 W-O 1.8 2.01 0.100 -10.00 0.55 0.181-0.288 
  W-Rh 3.9 2.64 0.090 10.00   
W/Rh=0.5 2.4 W-O 3.2 2.02 0.100 -9.40 0.56 0.181-0.288 
  W-Rh 3.0 2.64 0.090 9.88   
W/Rh=0.25 2.1 W-O 3.4 2.03 0.100 -10.00 0.68 0.181-0.288 
Reaction  W-Rh 3.7 2.64 0.086 10.00   
a Coordination number. b Bond distance. c Debye-Waller factor. d Difference in the origin of photoelectron 
energy between the reference and the sample. e Residual factor. f Fourier filtering range. 
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  Based on the coordination number of W-Rh bond in W L3-edge EXAFS analysis, the 
coordination number of Rh-W bond in Rh K-edge EXAFS analysis can be calculated using 
CN(Rh-W)/CN(W-Rh) = W/Rh. Figure 4.7 shows the Rh K-edge EXAFS spectra on Rh-WOx/SiO2 
catalysts and Table 4.10 lists the results of the curve fitting analysis. Mo-O bond in Na2MoO4 was 
used as a reference for Rh-O bond based on the similar electron density of Rh and Mo. Here, two 
kinds of curve fitting results are listed: one-wave fitting with Rh-Rh and two-wave fitting with Rh-
Rh and Rh-W. In both cases, the good fitting results are obtained and this indicates that W-Rh bond 
is not necessary in the Rh K-edge EXAFS analysis of Rh-WOx/SiO2 catalysts. This can be 
interpreted by much smaller contribution of surface W-Rh bond than that of Rh-Rh bond in the 
bulk of Rh metal particles.  
The characterization results shown above suggests that Rh-WOx/SiO2 catalysts have the Rh 
metal particle (~ 3 nm) partially covered with monomeric W oxide species with low oxidation state 
(~+2). The structures are similar to those of Rh-MoOx/SiO2 and Rh-ReOx/SiO2 catalysts where 
Mo~4+ or Re2~3+ oxide species partially cover the Rh particles with similar size (~3 nm) [6]. 
  
Fig. 4.7. Rh K-edge EXAFS of Rh-WOx/SiO2 (4 wt% Rh) catalysts reduced in water at 413 K and 
reference Rh compounds. Left: k3-weighted EXAFS oscillations, right: Fourier transform. FT 
range: 30-140 nm-1 
(a) Rh foil, (b) Rh2O3, (c) Rh/SiO2, (d) Rh-WOx/SiO2 (W/Rh=0.13), (e) Rh-WOx/SiO2 
(W/Rh=0.25), (f) Rh-WOx/SiO2 (W/Rh=0.5), (g) Rh-WOx/SiO2 (W/Rh=0.25) after 4 h reaction. 
 


































Table 4.10. Curve fitting results of Rh K-edge EXAFS of Rh-WOx/SiO2 (4 wt% Rh) catalysts. 
Sample Shells CNa R /10-1 nmb σ /10-1 nmc ΔE0 / eVd Rf /%e FF range /nmf 
Rh foil Rh-Rh 12 2.68 0.060 0.00 -  
Na2MoO4 Mo=O 4 1.78 0.060 0.00 -  
FEFF Rh-W - 2.71 - - -  
W/Rh=0 Rh-Rh 9.9 2.68 0.066 0.75 0.05 0.184-0.279 
W/Rh=0.13 Rh-Rh 9.0 2.68 0.074 -0.60 0.05 0.181-0.279 
W/Rh=0.13 Rh-Rh 9.2 2.68 0.074 0.05 0.05 0.181-0.279 
 Rh-W 0.7 2.64 0.090 -10.00   
W/Rh=0.25 Rh-Rh 8.7 2.68 0.077 -1.03 0.06 0.181-0.279 
W/Rh=0.25 Rh-Rh 8.8 2.68 0.077 -0.04 0.09 0.181-0.279 
 Rh-W 1.0 2.64 0.090 -9.35   
W/Rh=0.5 Rh-Rh 7.6 2.67 0.081 -2.38 0.10 0.181-0.279 
W/Rh=0.5 Rh-Rh 7.8 2.68 0.080 -0.70 0.18 0.181-0.279 
 Rh-W 1.5 2.64 0.090 -10.00   
W/Rh=0.25reac Rh-Rh 8.3 2.68 0.075 -2.16 0.06 0.181-0.279 
W/Rh=0.25reac Rh-Rh 8.3 2.68 0.074 -1.26 0.06 0.181-0.279 
 Rh-W 0.9 2.64 0.090 -10.00   
a Coordination number. b Bond distance. c Debye-Waller factor. d Difference in the origin of photoelectron 
energy between the reference and the sample. e Residual factor. f Fourier filtering range. 
 
4.3.3. Mechanism of THFCA hydrogenolysis 
  Relatively high reaction order with respect to H2 pressure suggests that the rate determining step 
is the reaction of the adsorbed substrate with the active hydrogen species. On the basis of the 
previous reports on Rh-ReOx/SiO2 and Rh-MoOx/SiO2 catalysts [6,7], it is suggested that the active 
hydrogen species can be hydride formed at the interface between Rh metal and metal oxide species 
by the heterolytic dissociation of H2. On the other hand, rather low reaction order with respect to 
the THFCA concentration suggests the strong adsorption of THFCA on Rh-ReOx/SiO2 catalysts. 
Carboxylic acid groups can interact with both metal and metal oxide surfaces [5a]. Therefore, it is 
thought that carboxylic acid groups can interact with Rh metal surface and WOx species. On the 
other hand, the adsorption of the carboxylic acid groups does not seem to block the hydrogen 
activation site such as the interface between Rh metal and WOx. If it blocks the hydrogen activation 
site, strongly negative reaction order like -1 should be obtained. Based on the results of the reaction 
tests, both C-O hydrogenolysis and hydrogenation of carboxylic groups are catalyzed by Rh-
WOx/SiO2, and the selectivity to specific products by two reactions is not so high. This suggests 
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that the active hydrogen species such as hydride can attack two carbon atoms in THFCA: one is 
the carbon atom binding the carboxylic groups in the tetrahydrofuran ring to give DVL and the 
other is the carbon atom in the carboxylic group to give THFA. In addition, it is not easy to suppress 
the consecutive reaction of DVL and the yield of DVL formation is not high at present. Highly 
selective attack to the carbon atom binding the carboxylic groups in the tetrahydrofuran ring to 
give DVL and the suppression of the consecutive reaction of DVL may enhance the yield of DVL. 
Nevertheless, the selectivity of Rh-WOx/SiO2 to C-O hydrogenolysis products was higher than 
those of Rh-MoOx/SiO2 and Rh-ReOx/SiO2 with similar direct interaction between Rh and added 
metal oxide species. Re species is known to be active in hydrogenation of carboxylic acid [12], 
and Mo species is known to work as a promoter of noble metal catalyst for carboxylic acid 
hydrogenation [9,10,13]. The higher activity or promotion ability of Re or Mo species than W 
species may lower the selectivity to C-O hydrogenolysis products by promoting the carboxylic 
acid hydrogenation as the side reaction. 
 
4.4. Conclusions 
C-O hydrogenolysis at 2-position of tetrahydrofuran-2-carboxylic acid (THFCA) was 
investigated, which has not been the target reaction in the literature. Even as a related reaction (C-
O hydrogenolysis at -position of functionalized carboxylic acid), lactic acid hydrogenolysis to 
propionic acid has been rarely investigated; only carried out at very high temperature. This is the 
first comprehensive study of oxide-modified noble metal catalysts for C-O hydrogenolysis at -
position of functionalized carboxylic acid. Among the tested combinations (M-M’Ox/SiO2, M = 
Rh, Pt, Ru, Ir; M’ = None, W, Re, Mo), Rh-WOx/SiO2 catalyst showed relatively high yield of C-
O hydrogenolysis products (-valerolactone (DVL) and 5-hydroxyvaleric acid) and yield ratio of 
C-O hydrogenolysis products to carboxylic acid hydrogenation products (tetrahydrofurfuryl 
alcohol, 1,5-pentanediol and 1-pentanol). Although the effects of W/Rh ratio and various 
parameters of reaction conditions were investigated in detail, the selectivity to C-O hydrogenolysis 
products is not so high at present; it is not easy to suppress the consecutive reaction of DVL. The 
promoting effect of W is more remarkable when W is directly added to the catalyst than the case 
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when mixture of Rh/SiO2 and WOx/SiO2 is used, suggesting that the direct interaction of WOx 
species with Rh metal surface is important in the catalysis. The direct interaction between WOx 
species and Rh metal surface was confirmed by the characterizations: reduced W oxide species 
(average oxidation state ~+2) partially cover the surface of Rh metal particles with ~3 nm size. 
Strong adsorption of carboxylic acid groups on the interface of Rh and WOx species can promote 
the C-O hydrogenolysis at the -position of carboxylic acid groups. The structure and promotion 
mechanism is similar to the case of Rh-ReOx/SiO2 and Rh-MoOx/SiO2 catalysts which are active 
in C-O hydrogenolysis at 2-position of 2-functionalized terminal alcohols. The lower activity or 
promotion ability of WOx species in carboxylic acid hydrogenation than ReOx or MoOx species 
may cause relatively good selectivity to C-O hydrogenolysis products. 
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In this thesis, the author investigated the catalytic reduction of 2-furancarboxylic acid (FCA) 
and its derivatives and developed new catalytic reactions. Although FCA can be relative easily 
synthesized from biomass via oxidation of furfural, FCA has been rarely recognized as a 
platform compound (synthetic intermediate) in biomass refinery. The literature studies of FCA 
reduction were mainly the hydrogenation of the furan ring or the carboxyl group, and the 
products of these reactions are not attractive. C-O hydrogenolysis reactions of the furan ring of 
FCA will give more useful products. 
In Chapter 2, various combinations of noble metal, additive metal, and support were tested to 
find the best catalyst for FCA reduction to valeric acid. Pt-MoOx/TiO2 catalyst was found to be 
the best one, and about 60% yield of valeric acid was obtained at optimized conditions. Although 
the TiO2 support has limited role in the catalysis (other supports give lower but significant 
performance), both Pt and Mo are essential components: Pt/TiO2 alone, Mo/TiO2 alone or the 
mixture do not have activity. Various characterization results suggested that the most Mo species 
are located on the TiO2 surface and some Mo species are located between TiO2 and Pt metal 
surfaces. The Pt-Mo bimetallic site can be the catalytically active site. Based on the 
characterization results, kinetics and the reactivity of related substrates such as furan and 
dihydrofuran, the author propose a reaction mechanism involving the ring-opening at C-O bond 
at 1,2-position after addition of one hydrogen atom to the 2-position of the ring and the 
dissociation of the other C-O bond on MoIV center which works as a 2-electron reducing agent. 
One problem of this system is the stability of the catalyst: during the reaction the number of the 
Pt-Mo interface site decreased (shown by EXAFS analysis) to decrease the catalytic activity.  
In Chapter 3, another C-O hydrogenolysis reaction of FCA, namely the production of 
5-hydroxyvaleric acid (5-HVA) and its derivatives (ester of 5-HVA and -valerolactone), was 
developed. Simple Pt/Al2O3 catalyst showed good results, and the combined yield of target 
Summary 
110 
products reached 62% at optimized conditions. Although the Pt/Al2O3 catalyst tends to be 
deactivated by deposition of the organic substances, in contrast to Pt-MoOx/TiO2 catalyst, the 
Pt/Al2O3 catalyst can be regenerated by calcination. Based on the kinetics, solvent effect and 
reactivity of related substrates, a reaction mechanism is proposed which is similar to that of 
valeric acid production over Pt-MoOx/TiO2 catalyst: the furan ring is opened at C-O bond at 
1,2-position after addition of one hydrogen atom to the 2-position of the ring, and then the 
intermediate is protonated and hydrogenated without further dissociation of the other C-O bond 
(which occurs when MoIV species is present). The proposed mechanisms may be also related to 
that of the furfuryl alcohol hydrogenolysis to 1,2- or 1,5-pentanediols over Pt catalysts because 
the C-O bonds in O-C=C groups in furan ring are dissociated in both reactions. The furfuryl 
alcohol hydrogenolysis to pentanediols have been recently investigated by several research 
groups, but there is no widely-accepted reaction mechanism for the reaction. 
In Chapter 4, C-O hydrogenolysis of tetrahydrofuran-2-carboxylic acid (THFCA) which is the 
hydrogenated derivative of FCA was investigated. The Pt catalysts studied for furan ring opening 
in Chapters 2 and 3 do not have activity in THFCA hydrogenolysis. Rh based catalysts which are 
known to be active in C-O hydrogenolysis of polyols were tested, and the selectivity ratio of C-O 
hydrogenolysis (-valerolactone + 5-hydroxyvaleric acid) to carboxylic acid hydrogenation 
(tetrahydrofurfuryl alcohol + 1,5-pentanediol + 1-pentanol) was compared. Although the 
selectivity to each specific product was not large, Rh-W catalyst (Rh-WOx/SiO2) showed higher 
selectivity to C-O hydrogenolysis, which contrasts with the cases of polyol C-O hydrogenolysis 
where Rh-Mo or Rh-Re catalysts are more active and selective. Characterization results showed 
that Rh-W catalyst at optimized W/Rh ratio (~0.25) showed similar structure to the case of 
Rh-Mo or Rh-Re catalyst with similar M/Rh ratio: partially reduced W species are directly 
bonded to Rh atoms. The better selectivity of Rh-W catalyst toward C-O hydrogenolysis over 
carboxylic acid hydrogenation may be related to lower activity or promotion ability of W species 
in carboxylic acid hydrogenation than those of Mo or Re, while all the combinations of Rh-M (M 
= W, Mo and Re) has C-O hydrogenolysis activity. 
The present results and discussion of these three reactions which have not (or rarely) been 
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investigated in the literature demonstrate the potential of FCA as a source of other useful 
chemicals. Although the yields of each target product are not satisfactory, the present finding on 
the catalyst structure and mechanism will lead to development of more efficient catalyst. A 
challenging target is adipic acid production from 2,5-furandicarboxylic acid; this reaction is very 
useful because of the large potential supply of 2,5-furandicarboxylic acid and the large demand 
of adipic acid in industry. In addition, the findings on the reaction mechanism of FCA reduction 
can give useful information on the reaction mechanism of other related reactions such as furfuryl 
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